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The lakeside has an enormous sediment carbon storage potential;
however, it is susceptible to various environmental changes and can easily become a source of carbon
emissions. Understanding the amount of carbon storage in lakeside sediments and organic matter sources
may provide information about the potential of lakeside zones in climate change mitigation, particularly for
sustainable lake management. This study aims to estimate sediment organic carbon stock and the sources
of organic matter in the Maninjau Lakeside-West Sumatera, Indonesia.

Sediment sampling was performed at five research sites, with a depth of 0-100 centimeters.
Sediment samples were divided into 4 subsamples: 0-15; 15-30; 30-50; and 50-100 centimeters. Bulk
density and total nitrogen content were analyzed, and the percentage of organic carbon was calculated
from the loss of ignition. The sediment organic carbon stock was calculated based on the bulk density and
organic carbon content. Carbon per nitrogen ratio was also calculated to determine temporal changes in
the sources of organic matter in the lake.

This study demonstrated that Maninjau Lakeside has an enormous potential sedimentary
organic carbon stock range between 284.23-442.59 megagrams per carbon per hectare. The highest
total sediment carbon stock was found in Duo Koto (442.59 megagrams per carbon per hectare), with
the lowest in Koto Kaciak (284.23 megagrams per carbon per hectare). In addition, the study’s results also
exhibited significant differences in sediment organic carbon stocks at each location with different land use
and cover; in this case, the forest area has a higher carbon stock value than the agricultural and settlement
areas. Therefore, it is essential to take initiatives for the restoration and conservation of lakeside areas
because of their essential role in mitigating the climate change. The mean ratio of organic carbon and total
nitrogen was between 9.96 to 16.91, indicating that phytoplankton, a mixture of floating macrophytes, and
submerged vegetation were the sources of organic matter.

In general, the value of sediment organic carbon stocks tends to be lower in locations
with intensive agricultural settlements than in forest areas. This study emphasizes that restoring lakeside
wetland is vital in increasing sediment organic carbon stocks and maintaining lake sustainability.
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Carbon dioxide (CO,) emissions are a significant
contributor to greenhouse gas (GHG) emissions
(accounting for around 74 percent of all GHG),
making them the primary driver of global warming
and climate change (UNFCCC, 2008). As an impact,
global temperature has increased by almost a degree
centigrade (°C) from the pre-industrial levels; the
current increase is 1.1 °C specifically, and if the
current emission rates remain high without any
mitigation, the temperature rise is likely to increase
by 1.5 °C from 2021 to 2040 (IPCC, 2021). Therefore,
burning of fossil fuels, deforestation, and land use
changes are some of the primary sources of CO,
emissions in the atmosphere (Donato et al., 2011).
Wetlands, rainforests, and oceans, are among the
most productive ecosystem types in the world
(Balwan and Kour, 2021). Wetlands develop between
the land and water bodies (such as peatlands and
swamps), rivers, and lakes, and their capacity for
carbon sequestration, particularly that of carbon
deposited in sediments, can significantly contribute
to climate change mitigation (Comer-Warner et al.,
2022). The biogeochemical process in the wetlands
sediments affects carbon (C) and nitrogen (N) cycling
and may lower the GHG in the atmosphere (Adame
et al., 2018). Sediment organic carbon (SOC) stocks
in wetlands represent one-third of earth’s SOC
(500-700 Petagram Carbon, Pg C) despite covering
only about 3% of global land (Page and Baird, 2016).
However, despite having a high potential for carbon
storage, wetland ecosystems are vulnerable to
degradation due to various anthropogenic activities.
Lakeside is one of the wetland ecosystems that
have significant carbon storage potential. However,
its sensitivity to environmental changes triggered
by land conversion activities, may reverse its
function as a source of carbon emissions (Minnick
et al.,, 2021; Lei et al.,, 2022). Wetland disruption
significantly impacts the organic carbon content
of sediments, and it is estimated to have increased
carbon emissions by 37.5% (Liu et al., 2020). In the
last few decades, widespread deforestation and
massive land conversion for agriculture, aquaculture,
and settlements have significantly threatened the
wetland ecosystem and likely exacerbated the
impacts of global climate change (Alongi, 2002;
Adame et al., 2018). Previous studies have indicated
that the conversion of wetlands to other land uses
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may decrease the SOC stocks (Sakin and Sakin (2011)
found a lower SOC value for the agricultural land
than the forest land. These findings were supported
by Dayathilake et al. (2021), who also discovered
a significantly higher percentage value of SOC in
wetlands with high vegetation cover (Kolonawa
wetlands) than those with lower vegetation cover
(Thalawathugoda wetland park). The highest SOC was
found in the natural forest zone (147,000 kilogram
per hectare (kg/ha), while the lowest SOC was
found in the grasslands surrounding the lake Victoria
Crescent Agro-Ecological Zone, Uganda (65,000 kg/
ha) (Akodi et al., 2016). Lei et al., (2022) also reported
different SOC values for different land uses, where the
restoration zone (20.59 kg/m?) and the mesophytic
farmland rewetting zone (19.51 kilogram per square
meter (kg/m?) have a higher SOC than the lakeside
zone without vegetation (3.63 kg/m?). Meanwhile,
wetlands can store carbon stock; therefore, it
is essential to conduct research related to the
quantification of carbon stocks in such ecosystems.
Thus, understanding the SOC stock distribution across
the different types of land uses and sediment depths
offers a framework for assessing the vulnerability of
SOC to disturbances (Uhran et al., 2021). Indonesia
has enormous potential for wetlands, with an area
of 30.3 million hectare (ha), with various habitats,
such as swamps, peatlands, wetlands, rivers, lakes,
peatlands, and mangrove forests (Amin, 2016).
Therefore, wetlands in Indonesia can play an essential
role in mitigating climate change by storing significant
carbon amount, especially underground. Despite the
importance of wetlands in carbon sequestration,
the level of wetland degradation in Indonesia is
substantial, mainly due to land conversion, peatland
burning, and illegal logging to expand plantations,
agriculture, and settlements, contributing up to
50% carbon emissions in Indonesia’s total national
emissions (Margono et al., 2014). Research on carbon
storage estimation in Indonesian wetlands is critical,
particularly to establish a database that can be utilized
as a reference in wetland management strategies.
There has been much research on estimating the
carbon stocks in the wetlands of Indonesia, but most
studies have only focused on the carbon stocks in
peatlands (Basuki et al., 2021; Siregar and Narendra,
2021; Silviana et al., 2021), swamps (Novita et al.,
2021; Sufrayogi and Mardiatmoko, 2022; Purwanto
et al., 2020), and mangrove forests (Murdiyarso et



al., 2015; Arifanti et al., 2019; Kusumanigtyas et al.,
2019). Meanwhile, research on estimating carbon
stocks in lakeside wetland areas is still limited
(Sujarwo and Darma, 2011; Priyadi et al, 2014),
despite its enormous potential to store carbon and
vulnerability to degradation due to land use change
and deforestation. Furthermore, knowledge regarding
the effect of land use/cover on organic carbon stocks
stored in soil or sediments also remains relatively
unclear. Meanwhile, the land conversion rate of forest
area into plantations and agricultural land continues
to expand in Indonesia. This led to the establishment
of this research, specifically conducted to determine
the potential of SOC stocks in the lakeside wetlands
and compare the amount of SOC stocks between
locations with different land uses/covers. This study
employed Maninjau Lake, a big lake in Indonesia, as
the case study location. Lake Maninjau is one of the
largest lakes in the West Sumatra Province, Indonesia,
which plays a vital role in the local community’s
economy, including tourist destinations, aquaculture,
and agriculture (Syandri et al., 2014). Maninjau
Lake has faced heavy eutrophication exacerbated
by anthropogenic nutrient inputs regarding the
aquaculture and agricultural expansion since 1990.
Aside from contributing to water contamination,
excessive use of chemical fertilizers in agriculture and
feed aquaculture in Lake Maninjau has also seriously
harmed the local economy and public health (Tasri et
al., 2021). This study particularly aims to determine
the SOC stock and composition of sediment
variables, including organic carbon concentration
(OC), total nitrogen (TN), and bulk density (Bd),
as well as compare the SOC stock at each research
site with different land uses/covers. This study also
aims to determine the source of organic matter in
the northern part of Maninjau Lake. This study is
essential for the sustainable management of Lake
Maninjau and climate change mitigation. This study
was conducted at Maninjau Lake, West Sumatra,
Indonesia, in 2022.

Study area description

This research was conducted at Lake Maninjau
(0° 19’ S 100° 12’ E) in Tanjung Raya District, Agam
Regency, West Sumatra Province, Indonesia, which
lies at an elevation of 461.50 meters (m) above sea
level. Maninjau Lake has an elongated shape with an

approximate dimension a length of 17 kilometers (km)
and a width of 8 km extending from north to south,
along with a surface area and volume of 9,737.50 ha
and 10,226 x 10° cubic meters (m?3), respectively. This
lake has a natural outlet, namely the Batang Antokan
River, which flows towards the west. The depth of
Maninjau Lake increases in the southern part, and
the maximum depth reaches + 165 m. The study area
has a wet tropical climate with an average rainfall of
345.58 millimeters (mm) per month and the average
humidity of 95.20%. The average temperature of
Maninjau Lake is 22.66 °C-31.27 °C (MERI, 2011).
Maninjau Lake is located within the physiographical
area of the Bukit Barisan Mountains and was formed
from the eruption of ancient volcanoes embodying
a strato morphology of the surrounding landscape.
Topography classes of Maninjau Lake consist of flat
(0-8% slope), mild (8-15%), fairly steep (15-25%),
steep (25-40%), and very steep (> 40%) areas, with
the southern part being steeper than the north-west.
The lake’s sediment can record the frequency and
magnitude of volcanic eruptions, given its proximity
to several active volcanoes, namely Mount Marapi,
Singgalang, and Talang (De Maisonneuve et al., 2019).
Maninjau Lake is an important tourist destination,
with a hydroelectric power plant with a capacity of
64 Mega Watts (MW), capturing fisheries, floating
net cages, and agriculture (Junaidi et al., 2014). Lake
Maninjau is included in the list of National Priority
Lakes together with 15 other lakes in Indonesia
because of its strategic economic, ecological, socio—
cultural, scientific values, and an experience of
significant pressure and degradation (Presidential
Regulation of the Republic of Indonesia No. 60 of
2021). The catchment area’s primary land uses are
rice farming, arid land, plantation, settlements, and
forest. The water surface of Maninjau Lake covers
a sizable portion (75.38%) of the catchment area
(24,800 ha). Maninjau Lake is in a heavy eutrophic
state due to the rapid expansion of floating net cage-
based carp and tilapia, resulting from an influx of
nutrients, including N and phosphorus (Syandri et al.,
2014).

Field sampling designs

The field sampling was conducted in June 2022.
The research sites were determined based on random
judgemental sampling, a method that identifies
distinct characteristics relevant to the study goals
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Sediment organic carbon stock in a lake management

(Bhardwaj, 2019). The sampling point in this study
was determined based on the representativeness
and accessibility of the sampling locations. Sediment
sampling was limited to five sites in the northern part
of the Lake, which is more accessible and sloped than
the southern part. The five sampling sites included
Koto Malintang (M1), Koto Gadang (M2), Koto Kaciak
(M3), Duo Koto (M4), and Koto Maninjau (M5) (Fig.
1 and Table 1). Several sediment variables were
measured, including depth, Bd, OC concentration,
and TN. Sediment sampling was performed at each
site using a D’Section corer, a cylindrical stainless
steel tube 50 centimeters (cm) long and 2.5 inches
in diameter. The depth of sediment coring at all
research sites reached 100 cm. The sediment samples
were then divided into several layers according to the
depth intervals of 0-15 ¢cm, 15-30 cm, 30-50 cm,
and 50-100 cm. A total of 20 sediment samples were
obtained from the five research sites.

— River
[ sub-Dustnct border §
B tswinjan Lake

| @ saupling sive

EE Tcigh
) w— 2891 m
v

Laboratory analysis

Analyses of Bd, percentage of SOC content, and
TN were performed at the Environmental Engineering
Laboratory, Diponegoro University, and the CNH
Laboratory, Semarang.

Sediment organic carbon stock (SOC)

Bd (gram per cubic centimeter: g/cm3) was
determined by calculating the ratio of the dry weight
and volume of the sample. The sediment sample
was oven-dried at 60 °C for at least 48 hours and
later weighted. Dry Bd was calculated using Eqg. 1
(Kauffman and Donato, 2012).

Bd (g/cm?3) = Oven-dry sample mass (g) / Volume of
the sample (m3) (1)

The Loss on ignition (LOI) method was used to
calculate the percentage of OC content (%OC) (Nelson

INDONESIA

SUMATERA ISLAND

Peta Rupa Burm Indonesia
Natliaral Digial Elevation Model (DEMNAS )
Fraim the CGios palial Informalion Agency (BIG)

Fig. 1: Geographic location of the study area in the north part of Maninjau Lakeside in Indonesia



Table 1: Description of the study sites

Site Location Geographical position ~ Description
M1 Koto Malintan -1°42'25.6"S The lake outlet with conservation and tourism areas
& 100° 8' 56.5"E with sandy substrate types.
-1°44' 18.5"S An inlet of the lake, with overgrown water hyacinth
M2 Koto Gad
Oto Hadang 100° 10' 26.2"E and sandy-mud substrate type
o A " Sloping lakeside, floating net cage, and riparian areas
. -1°44'41.4"S . . .
M3 Koto Kaciak o At e are dominated by agricultural land with muddy
100° 10' 59"E
substrate types.
-1°44'54.3"S Dominated by forest areas with the sandy-mud
M4 Duo Koto 100° 11' 40.4"E substrate
o A " Near dense settlements with minimal vegetation
L -1°41'50.2" S . S .
M5 Maninjau cover, with several aquaculture activities in the lake's

100° 13'33.4"E

water bodies with a sandy substrate type.

et al., 1996). A total of 20 collected sediment samples
were placed in weighted crucibles and oven-dried
at 105 °C for 12-24 hours to determine the water
loss. After oven-drying, the sample was burned in a
furnace at 550 °C for 4 hours, then weighed to define
the organic matter. The LOI is calculated using Eq. 2
(Heiri et al., 2001).

—-DW._)/ DW

550 105

LOL, (%) = ((DW,, )*100 (2)
Where;

LOI_, : percentage of LOI at 550°C

DW,, : dry sample weight before combustion

DW,_ :dry sample weight after combustion (heating

550 °

at 550 °C)

The total OC content percentage was estimated
through LOI at 550 °C (LOl), which is then
transformed by a factor of 0.55 as in Eg. 3 (Hoogsteen
et al., 2015), while, the SOC stock was calculated
using Eq. 4 (Howard et al., 2014).

0C = L0l *0.55 (3)
SOC (Mg/C/ha) =Bd x Hx OC (4)
Where;

SOC : Sediment organic carbon stock (Mg/C/ha)
OC : organic carbon concentration (%)

Bd : bulk density (g/cm?3)

H :sediment thickness (cm)

Total nitrogen and carbon/nitrogen (C/N) ratio

TN was determined by indophenol-blue methods,
followed by Kai et al. (2016). TN analysis commenced
with the destruction of the sediment samples.
Sediment samples (0.5 g) were digested using 10 mL
sulfuric acid (H,SO,) and 10 mL hydrogen peroxide
(H,0,) at 420 °C for 1.5 hours using Kjeldahl. 0.5 g
of copper (ll) sulfate (CuSO,) catalyst was used to
accelerate the destruction reaction. Furthermore,
the crude extract was filtered using ADVANTEC Filter
Paper number 6. TN content was measured by mixing
1 mL of the extract with 0.6 mL of indophenol solution
and 0.4 mL of sodium hypochlorite (NaOClI) solution.
The mixture was then incubated at room temperature
for 45 min until the solution color changed. The
solution absorbance was then measured using a
UV-Vis spectrophotometer at a wavelength of 635
nanometers (nm) (Santoni et al., 2001). The C/N
ratio was also calculated to determine the temporal
changes in the sources of organic matter in the lake.
The C/N ratio was calculated based on the OC (%) and
TN (%) concentration and then multiplied by 1.167 to
obtain the yield atomic mass ratios using Eq. 5 (Fan
etal., 2017).

C/N ratio = (OC/TN)*1.167 (5)

Where;
OC :organic carbon (%)
TN  :total nitrogen (%)
1.167 : yield atomic mass ratios

177



The C/N ratio of fresh algae in lacustrine sediment
generally ranges between 3-8, and the C/N ratio
of terrestrial vegetation ranges from 14-23 or may
reach up to 45-50 (Mayers, 1997).

Statistical analysis

Statistical analysis was performed to determine
the difference in the OC and TN between Bd.
Sediment carbon concentrations between the
research sites and depths were tested with analysis
of variance (ANOVA). The relationships between OC
and TN (dependent variables) and Bd (independent
variables) were examined using linear regression. The
Shapiro—Wilk test assessed data normality, and all
statistical tests used a significance level of 0.05.

Sediment organic carbon stocks

The SOC in the different depth intervals is
presented in Fig. 2, and it can be seen that SOC
increased with depth. The SOC stock in each depth
interval differs significantly with the probability (p=

0.000 <0.05) (Table 2). A remarkable difference was
observed between SOCs in the surface and deeper
layer ( p= 0.000 <0.05). The highest SOC stock of
267.56 Mg/C/ha was noted for the deepest layer of
(50-100 cm), and the lowest stock was 43.47 Mg/C/
ha at the depth of 15-30 cm.

The findings of this research are in agreement with
Wei et al. (2022), who found that SOC stocks of 25%
at the surface layer and 53% in the deeper sediment
layer. A similar pattern was observed by Wang et al.
(2018) and lJiang et al. (2019). They reported the
highest SOC at the deepest layer (300 cm). The SOC
stocks at five research sites are shown in Fig. 3. The
SOC in the Maninjau lakeside ranged between 284.23
(M3)-442.59 Mg/C/ha (M4). The average stock at the
Maninjau lakeside (365.54 Mg/C/ha) was lower than
that in the urban freshwater wetlands at Kolonawa
and Thalawathugoda, Colombo (504 + 14 and 550 +
23 Mg/C/ha) (Dayathilake et al., 2021), but higher
than the highest SOC stocks in the lakeside of West
Mauri Lake, China ( 313.16 Mg/C/ha) (Lei et al., 2022)
and the Lake Victoria, Uganda (147 Mg/C/ha) (Akodi

SOC (Mg/C/ha)
0 40 80 120 160 200 240 280
15 &
H

.. [

gao i

= H

B

o [F—

a 50 |—||_|

H
- ==
100 —
— —
EM1 EM2 mM3 mM4 = M5
Fig. 2: SOC stock at different sites in various depth intervals
Table 2: Anova test of SOC at each site

Source of variation SS df MS F P-value F crit
Between groups 60349.58 3 20116.53 30.70605 7.16E-07 3.238872
Within groups 10482.12 16 655.1324 — — —
Total 70831.7 19 — — — —
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Fig. 3: SOC stocks at five different research sites

Table 3: The type of land use in the catchment area of Maninjau Lake (BPS-SAR, 2015)

No  Village (Nagari) Forest (ha) Built-up area (ha) Plantation (ha) Rice -field (ha)
1 Tanjung Sani 2,421 154 1773 126
2 Sungai Batang 720 180 279 389
3 Maninjau 560 110 426 205
4 Bayua 692 140 140 524
5 Duo Koto 2,037 75 159 275
6 Paninjauan 58 60 99 145
7 Koto Kaciak 369 110 236 458
8 Koto Gadang 606 64 101 216
9 Koto Malintang 1,431 80 98 174

et al., 2016). The highest SOC was observed at M4
(442.59 Mg/C/ha), with the highest forest area cover,
whereas the lowest was noted at M3 (284.23 Mg/C/
ha). Based on the data from Syandri et al. (2014),
the forest area in M4 reaches 2,037 ha. In contrast,
the forest area around the M3 constitutes only 369
ha, and land use is dominated by rice fields, causing
low SOC stock in comparison to other study sites
(Table 3). The SOC and TN amounts in sediments was
significantly influenced by land use or cover in the
Maninjau Lake catchment area. This suggests that
the presence and type of vegetation on the lakeside
have a critical impact on the OC storage in sediments.
It also emphasizes the importance of the restoration
efforts in wetlands, considering that the land use type
significantly affects the SOC stocks (Lei et al., 2022).

The land use in the Maninjau Lake area has
undergone significant changes, especially in the
forest areas. The forest area surrounding the lake
has been declining from 1989 to 2020. In 1989,
the forest area was 8,228.25 ha; it has declined
considerably to 5,190.21 ha in 2020, and it is
predicted to continue declining until 3,607.83 ha in
2050 (Antoni et al., 2016). Meanwhile, agriculture,
plantations, and built-up area have increased sharply
due to the economic and population growth. Land
use in the catchment area affects the quality of the
environment and water quality. The use of chemical
fertilizers on the agricultural and plantation land
affected the TN sediment. Meanwhile, reduced
forest area will directly reduce the organic inputs
and SOC (Akodi et al., 2016). The amount of SOC
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and other organic elements are also influenced by
the topography of the catchment area of Maninjau
Lake, which mainly contains steep slopes and is prone
to landslides. Landslides and erosion are closely
related to the carbon cycle (C) and cause changes in
physical, chemical, and biological properties (Shiels
and Walker, 2013). Landslides can release carbon
into the atmosphere (Lal, 2004). Soil experiencing
landslides causes the loss of the topsoil and most of
the soil’s organic matter (Stalard, 2012). The presence
of SOC in the eroded soil is highly dependent on
the ecohydrological factors (Quijano et al., 2013),
topography, and land cover (Dialynas et al., 2016a).
One of the northern parts of the Maninjau catchment
areas with a high landslide susceptibility is Koto
Malintang (M1), with a slope of 30-45% (Ramanda
et al., 2019). Other areas in the northern part of
Maninjau Lake are relatively sloping and not prone to
landslides. M1 has a relatively large forest area, which
can minimize the landslides and loss of SOC stock. This
is in line with the results of Dialynas et al. (2016b),
which showed that the land cover type dramatically
affects the extent of SOC loss due to erosion, where
the land with forest cover type loses lesser SOC
when compared to oil palm plantation areas. Thus,
the presence or absence of above-ground vegetation
and the density and health of its growth regulate the
organic matter input and SOC in the sediment (Zhao
et al., 2018; Wei et al., 2022). Lakeside wetland areas

oc (%)
0.0 100 200  30.0 400

15

30

Depth {cm)

100

EM1 @ M2

M3

(a)

EM4 EMS

with forest cover have a higher SOC stock than those
with minimum vegetation cover; this indicates that
vegetation restoration in the lakeside regions may
substantially increase the SOC stock (Ji et al., 2020).
A similar conclusion was drawn by Adame et al.
(2018), who found that the restoration of wetlands
may help increase the OC stock of sediments in the
long term. They found that the SOC stock increased
from 1234418 to 1309+270 Mg/C/ha from 5 to 70
years of restoration. Furthermore, Creed et al. (2022)
also showed that wetlands from the agricultural land
could restore the wetland carbon stock to that of
intact wetlands within 40 years or less. Meanwhile,
the conversion of forest areas on the lakeside and
wetlands into settlements will significantly decrease
the SOC stock and potentially contribute to carbon
emissions.

Distribution of sediment organic carbon concentration
and total nitrogen content

The distribution of OC concentration and TN at
different depths and sites is presented in Fig. 4a and
b. OC fluctuated significantly, with a trend towards
the lower values at the deeper layers. However, an
opposite pattern was reported at the M4 site, where
high OC was found at the deepest layer (50—100 cm)
(35.368%), whereas it was 22.29% in the surface
sediment layer (0-15 cm). TN’s vertical distribution
showed a similar trend, except for sites M3 and
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Fig. 4: Vertical distribution of (a) OC in the sediment and (b) TN
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Fig. 6: Correlation between (a) OC and Bd; and (b) TN and Bd

M4, where TN was higher in the deepest layer than
the surface layer. There was a significant positive
correlation between OC and TN (y=0.1554x-2.003,
R2=0.7342), which indicated that most of the nitrogen
was in the form of organic nitrogen (Yu et al., 2018).
Generally, the vertical distributions of OC and TN
varied among the different sediment depth intervals.
Thus, the vertical variationsin OCand TN were correlated
with the Bd of the sediment. The Bd of a sediment
increased with its depth. However, the opposite trend
was observed in OC and TN at the M3 and M5 sites
(Fig. 5), which showed that Bd positively correlates
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with sediment depth, in agreement with previous
studies (Twum and Nii-Annang 2015; Gnanamoorthy
et al., 2019). It was also found that sediment Bd has
a significant negative correlation with OC and TN (y=
-18.374x+52.75,R?>=0.756; and y=-3.6187 + 7.2174, R?
=0.891, respectively) (Fig. 6a and b). Thus, high Bd may
indicate lower OCand TN in the sediment. The biological
cycles and microbial decomposition restricted to the
deeper sediment layers are two complex processes
contributing to the declining trend in OC correlated with
the increase in the sediment depth (Bhomia et al., 2016;
Sasmito et al., 2020).



The mean of OC, TN, and Bd in the sediments
differed significantly (p=0.000; p=0.000;
p=0.000<0.05, respectively) (Tables 4 to 6) among
the research sites. The highest average of %0OC was
found at M3 (39.07%), while the lowest was noted
for site M5 ( 23.11%) (Fig. 7a). Likewise, the highest
average value of TN was also found at M3 (4.62%),
with the lowest in M5 (1.69%) (Fig. 7b). A previous
study reported that the TN and OC in the sediment
of Maninjau Lake ranged from 1.10% to 2.10% and
48.81% to 62.35%, respectively, and the highest
values were also found at M3 (Junaidi et al. 2014).
In this case, the dynamics of TN and OC in sediments
are influenced by various biota activities at the
lake bottom, which correlated with water quality
parameters, including temperature, DO, pH, and
others. The waste from the floating net cages strongly
influences the quality of the lake waters. There is
massive sediment waste at M3 since its topography
is relatively sloping compared to other locations and
thus, supports waste accumulation. The extensive
deposition of organic matter has resulted in water
hyacinth blooms in that area (Syandri et al., 2014).

Anthropogenic sources, including the use of
fertilizers in agricultural activities and runoff from

the settlement can also increase the input of organic
matter in the lake (Avarimidis et al., 2015). Fishery
production in Maninjau Lake showed an increasing
trend from 2018 to 2019 (from 187.87 to 593.86 tons).
Concurrently, agricultural production, especially in
the rice field, increased from 35,506 to 38,303 tons
(BPS-SAR, 2020). The trend of increasing fishery and
agricultural production due to the use of fertilizers
also increased the input of organic matter in Maninjau
Lake. The highest and lowest Bd were found in M5
(1.546 g/cm3) and M3 (0.7665 g/cm?), respectively (Fig.
7c). Bd concentration depends upon the vegetation’s
roots, which in turn, influences the biological activity,
increases water permeability, and decreases sediment
compaction (Bhomia et al., 2016; Arifanti et al,,
2019). This condition probably originates from the
differences in land use and vegetation density among
the research sites. Site M5 is mostly an urbanized
area with minimum vegetation coverage and a sandy
substrate, while M3 is dominated by agricultural land
with a muddy substrate. In addition, sediment texture
also significantly affects the OC content. For instance,
the finer sediments, such as mud, generally have a
higher content of OC than sandy substrates (Musale et
al., 2015).

Table 4: Anova test of the OC concentration at each site

Source of variation SS df MS F P-value F crit
Between groups 642.9768 4 160.7442 14.19317 5.52E-05 3.055568
Within groups 169.8819 15 11.32546
Total 812.8587 19

Tabel 5: Anova test of TN at each site
Source of variation SS df MS F P-value F crit
Between groups 25.43542 4 6.358854 72.51939 1.25E-09 3.055568
Within groups 1.315273 15 0.087685
Total 26.75069 19

Tabel 6: Anova test of Bd at each site
Source of Variation SS df MS F P-value F crit
Between groups 1.718473 4 0.429618 63.37768 3.24E-09 3.055568
Within groups 0.101681 15 0.006779
Total 1.820154 19
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Table 7: OC and TN concentration in the lake sediments in several countries
Lake Characteristic OC (%) N (%) References
Maninjau, Indonesia heavy eutrophic 20.82-41.44 1.37-5.16 This study
Chaohu, China oligotrophic 0.59-1.02 0.07-0.15 Yu et al., 2018
Balkhash, Kazakhstan oligotrophic 1.13-1.69 0.16-0.21 Liu et al., 2021
Dali, Mongolia mesotrophic 1.0-7.3 0.13-0.56 Fan et al.,, 2017
El Sol, Mexico oligotrophic 4.6-7.9 — Alcocer et al., 2020
Towuti, Indonesia mesotrophic 0.4-4 — Friese et al., 2021
Sentani, Indonesia oligotrophic 8.0-16.0 0.33-1.91 Nomosatryo et al., 2021
Tempe, Indonesia mesotrophic 4.7-5.8 0.30-0.50 Yustiawati et al., 2021
Qinghai, China mesotrophic 1.4-4.8 0.14-0.72 Chen et al., 2021
Halai, China — 13.2 — Xu et al., 2019
Dahu, China — 48.76 — Xu et al., 2019
Chapala, Mexico oligothropic 15-22 — Xu et al., 2019
Great Ghost, Taiwan oligotrophic 7.1-22.2 - Kandasamy et al., 2018
Ovre Bjorntjarn, Sweden eutrophic 39.9-40.0 — Gudasz et al., 2017
Solbacka, Sweden eutrophic 31.5-34.4 — Gudasz et al., 2017

The concentrations of OC and TN in Lake Maninjau
(20.82-41.44% and 1.37-5.16%, respectively) are
significantly higher than in several lakes in Indonesia,
such as Lake Towuti (0.4-4 %) (Friese et al., 2021),
Lake Sentani (8-16%) (Nomosatryo et al., 2021), and
Lake Tempe (4.7-5.8 %) (Yustiawati et al., 2021). This
is closely related to the trophic level of the lake, where
a lake with a trophic level of heavy eutrophic such as
Maninjau Lake, will have a higher OC concentration.
The result of sediment OC concentration and TN in
this study were comparable to the average value
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reported for eutrophic lakes and significantly higher
than the mesotrophic and oligotrophic lakes in several
countries (Table 7). The heavy eutrophic status of
Lake Maninjau was established in 2013 due to high
nutrient inputs, such as nitrogen and phosphorus
from aquaculture waste (floating nets cages) and
agriculture activities on the lakeside. The number
of floating net cages in Lake Maninjau shows an
increasing yearly trend (Fig. 8), for instance, from 16
units in 1992the number increased to 17,226 units in
2014 (MERI, 2015). The newest 2021 data displayed
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Fig. 8: The number of floating net cages in Lake Maninjau in 1992—-2021 (MERI, 2011; Junaidi et al., 2014; MERI, 2015; Soejarwo et al., 2022)

17,441 units of floating net cages in Lake Maninjau
(Soejarwo et al., 2022).

The additional source of nutrient pollution in
Maninjau Lake is associated with the widespread
land use transformation in the lakeside area for
settlements, rice fields, and other uses. This has led
to the occurrence of blue-green algae blooms and
the dominance of phytoplanktons, such as the genera
Gloeocapsa, Oscillatoria, and Mycrocystis (Sulastri,
2019). Syakti et al. (2019) reported that hazardous
algae blooms (HABs), and generated by the dynamics
of various phytoplankton species, emanated from
increased human activity.

Sources of organic matter in lakeside sediment

The organic matter in lake sediments originate
fromtheinternal primary production (autochthonous)
and terrestrial materials introduced into the lake
(allochthonous) (Linetal., 2022). The source of organic
matter in the lake sediment is commonly determined
by the ratio of OC and TN (C/N ratio) (Mayers, 2003;
Barus et al., 2019). The vertical distribution of C/N
atomic ratios at each site is presented in Fig. 8. The
general trend in C/N atomic ratios decreased from
the surface towards the deeper sediment layers.
The exceptions constitute sites M2 and M4, where
the C/N atomic ratios increased with the sediment
depth. The C/N atomic ratio varies depending on
the organic matter source. Values between 3 and 8
are typically noted when the allochthonous sources
dominate. A C/N ratio greater than 20 indicates that
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allochthonous material is the main source of organic
matter. Considering this, a decreasing trend in the
C/N ratio with the sediment depth may indicate
an increasing share of autochthonous sources. In
contrast, an increasing trend in the C/N ratio may
relate with a higher allochthonous proportion (Yu
et al., 2018). The result of the C/N atomic ratio
in this research showed that at the sites M1, M3,
and M5, the organic matter mainly originates
from autochthonous sources, while allochthonous
sources and terrestrial input dominate at sites M2
and M4, These results indicate that the organic
matter in Maninjau Lake sediments is dominated by
autochthonous material, especially from the floating
net cage waste. The average C/N atomic ratio of all
research sites (M1-M5) ranged from 9.96 to 16.75
(Fig. 9), with the lowest and highest ratios found at
M3 and M4, respectively. These values were in the
range typically noted for phytoplanktons (4-10) and
were close to the range reported for submerged and
floating macrophytes (10-20), but were significantly
less than those of terrestrial plants (greater than
20) (Tyson, 1995; Sasmito, 2020). The average value
of the C/N ratio at M3 was below 10 (9.96) (Fig.
10), indicating that the main source of the organic
matter is phytoplankton or endogenous aquatic
organism. The C/N value is inversely proportional to
the intensity of land use by humans. (Enters et al.,
2006). M3 is located in Koto Kaciak and is the most
polluted site by organic matter—reflected by the high
concentration of OC and TN in the sediment of the
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Maninjau Lakeside. The relatively sloping topography
of M3 causes a significant waste accumulation in the
surface sediments. The high expansion of organic
matter has caused a phytoplankton bloom in that area
(Barus et al., 2019). Consequently, a low C/N ratio was
reported for Koto Kaciak. The mean atomic C/N ratios
at the remaining sites, including M1, M2, M4, and
M5, ranged from 15.95 to 16.91, indicating that the
primary source of organic matter in these locations
is a mixture of floating macrophyte derivatives and
submerged vegetation. Furthermore, these results
alsoillustrate that the high OC value in these locations
mainly results from terrestrial plant material (forest
litter) from the forested catchment and the impact of
anthropogenic terrestrial activities (Mahapatra et al.,
2012). This is in agreement with the characteristics
of each site: site M1 (Koto Gadang) is an outlet area
and a conservation forest; M2 (Koto Malintang) is
an inlet area overgrown by water hyacinth; M4 (Duo
Koto) is dominated by forest; M5 (Koto Maninjau)
is a settlement area. The mean atomic C/N ratios
at the remaining sites, including M1, M2, M4, and
M5, ranged from 15.95 to 16.91, indicating that the
primary source of organic matter in these locations
is a mixture of floating macrophyte derivatives and
submerged vegetation.

Implication for sustainable management of lake

The lakeside area is a type of wetland ecosystem
vulnerable to environmental changes, mainly caused
by human interference. The significant land use
change in the lakeside, primarily for agriculture,
plantations, and settlements, has transformed this
area into a carbon source because of its sensitivity
to changes in the nutrient content, temperature,
pH, etc (Mitra et al., 2005). The findings of this study
have demonstrated that SOC stocks are higher in the
lakeside area with a dense vegetation cover, such as
conservation forest areas, than within agricultural
land and settlements with a sparse vegetation cover.
This suggests that restoration and conservation efforts
of lakeside wetlands may enhance the SOC stock. SOC
stock has continued to rise as the lakeside vegetation
succession stage has been developed (Li et al., 2018).
The presence of land vegetation in the lakeside
area essentially reduces the erosion susceptibility
of environments within sandy soils, such as in M1.
Restoration initiatives in the lakeside area, such as
converting agricultural land to wetlands may thereby
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reduce human disturbance, which is beneficial for
ecosystem recovery and SOC accumulation (Lei et al.,
2022). In addition, the condition of the catchment
area along the lakeside significantly affects the state
of Maninjau Lake. Agricultural activity contributes
to sewage ingress and nutrient input into the lake,
thus contaminating lake waters and settling as sludge
sediment (Mahapatra, 2012). The high nutrient
load released from floating net cage waste further
pollutes the waters of Maninjau Lake. Additionally, it
is generally recognized that anthropogenic activities
increase the nutrient inputs into the lakes and affect
their trophic state (May et al., 2021). Lake Maninjau
is characterized as being heavily eutrophic, thus
substantially influencing ecological degradation
(Syandrietal.,2014). Therefore, aproper management
strategy is required to reduce the pollution load in
Maninjau Lake. The potential management actions
to improve the lake water quality encompass the
following: developing sewage treatment plants,
raising industrial waste disposal standards, limiting
industrial and domestic sewage disposal, preventing
regional sources of pollution from agricultural
irrigation, and lowering fertilizer and pesticide usage
in the lakeside area (Qing et al., 2007; Yu et al., 2020).
Additionally, the self-purification of water bodies may
be significantly boosted with sufficient restoration
efforts in the riparian zone along the lakeside. These
initiatives may also enhance the biodiversity, protect
soil quality, and limit eutrophication (Chen et al,
2019). Hence, to improve the sustainability of the
water and lakeside environment of Maninjau Lake, it
is essential to invest restoration efforts by considering
the suitable type of vegetation in the lakeside area.
Following this, the ecosystem’s total carbon stock
could be significantly increased by planting local plant
species and maintaining plant biodiversity. Moreover,
the water balance must be considered to ensure
the effectiveness and sustainability of the ecological
restoration efforts in the lakeside area (liang et
al., 2019). Regarding the global climate change
mitigation, restoring and protecting the sustainability
of Maninjau lakeside may significantly reduce
carbon emissions, increase carbon storage capacity
in sediments, and improve the local community’s
livelihoods. It is also necessary to have early
detection of pollutants dissolved in Maninjau Lake;
referring to the research of Kamyab et al., (2022),
carbon-based  molecularly-imprinted  polymers



(MIPs) can be effectively used to detect harmful
pollutants. Since carbon-based nanomaterials are
sensitive to molecular identification, they are widely
used to assess the environmental quality. Agricultural
waste, aquaculture, and water pollution in Maninjau
Lake are also caused by household waste, which is
generally discharged into rivers before eventually
entering the lake. To overcome those problems,
initiatives are needed in managing household waste,
such as converting waste into compost that can be
reused by the community. Based on the research
study by Kamyab et al., (2015), the management of
waste into compost can provide considerable benefits
from an economic perspective and help reduce the
greenhouse gas emissions by 90%.

This study has indicated that the lakeside wetlands
have a relatively large capacity to store carbon stocks,
especially in sediments. In general, SOC stocks show
an increasing trend with the increasing sediment
depth, which confirms the findings of previous
studies. The estimated SOC stocks in the lakeside
also significantly differ among the research sites,
indicating that environmental conditions, land use,
and land cover can affect the SOC stock. The highest
SOC stock (442.59 Mg/C/ha) was found at site M4, a
lakeside area dominated by forest cover. In contrast,
the lowest stock (284.23 Mg/C/ha) was found at site
M3, dominated by the agricultural land. Our results
support the assertion that vegetation cover plays
an essential role in the SOC stock. Furthermore, the
land use differences also affect the distribution of OC,
TN, and Bd. The spatial variations in the OC and TN
content display a tendency towards higher values in
locations close to the agricultural land. In contrast,
Bd tends to be high in areas with minimal vegetation,
such as settlements. Moreover, Maninjau Lake has
a heavy eutrophic state with a much higher OC and
TN contents compared to several other Indonesian
lakes and eutrophic lakes in other countries. The
primary source of organic matter in the sediments
of Maninjau Lakeside is phytoplankton, a mixture
of floating macrophyte and submerged vegetation.
The unregulated increase of floating net cages
and widespread change of land use into extensive
agricultural and settlements are the main contributors
to water pollution and ecological degradation in
Maninjau Lake. This study’s results confirm the
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relationship among the anthropogenic activities
(land use), SOC stocks, and the lake’s trophic state.
It was also found that the restoration efforts of the
lakeside wetlands are important for maintaining the
sustainability of the water and lakeside environment.
The preserving and protecting lakeside wetlands may
support global climate change mitigation through
sequestration processes that can reduce carbon
emissions in the atmosphere.
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Soil frost heaving causes significant destruction to
road pavements, railways, pipelines, and other lifeline infrastructures. The conventional
methods for dealing with the soil frost heave are primarily based on using the materials
whose production and use are harmful to the environment. Due to the recent ecological
concerns, developing novel alternative methods has received much attention. This study
aims to investigate the possibility of using the microbially induced calcite precipitation
method to control soil frost heave for less pollution introduction to the soil.

In this study, the Sporosarcina Pasteurii bacterium was used for calcite
precipitation. The influence of three factors in four levels, including bacteria concentration,
cementing solution concentration, and curing time, was investigated based on a plan set
by Taguchi design of experiment method. The results were obtained by analysis of means
and analysis of variance statistical methods and compared with the conventional frost
heave reduction methods.

The results were presented in terms of heave ratio. Based on the testing
results, the heave ratios (frost heave ratios of the treated to untreated samples) were
obtained to be in the range of 0.21 to 0.42. The results showed that bacteria concentration
was the most influential factor in the total frost heave of the treated soil. The influence of
curing time was in second place, and the effect of cementing solution concentration was
relatively less. The minimum frost heave was achieved in 10® colony-forming units per
milliliter bacteria concentration, 0.6 mole per litre cementing solution concentration, and
21 days of curing.

The findings indicated that the used method could be efficiently used to
reach the desired objective. The heave ratios obtained by this method were promising to
a great extent compared to the conventional methods. The reduction of frost heave due
to the application of this method was attributed to the precipitated calcite within the soil
voids and was justified by the scanning electron microscopy images of the treated soil
samples. This study proved that the proposed method might be utilized as a potential
ecological-friendly approach in the future researches.
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Soil frost heaving occurs when several factors,
including water and frigid weather, are simultaneously
available in the presence of susceptible soils in civil
engineering projects. The most influential factors in
frost heave are soil particle size distribution (Qi et
al., 2022), dry density (Zhao et al., 2019), plasticity
index (Isik et al., 2013), fines percent (Wu et al.,
2018), groundwater level (Lin et al., 2018), moisture
content (Mao and Zhang, 2018), and water solutes
(Shah and Mir, 2022). When the water is under
significant forces from soil particles, it will freeze
at lower temperatures than normal freezing water
temperatures. The excess water would be absorbed
from other zones due to the capillary effect and via
heat flow simultaneously, and the ice lens grows,
leading to soil swelling (Bai et al., 2020). In this
condition, the soil frost heave happens and develops
with the connection of the freezing zone to the
external water sources (Fig. 7a). This detrimental
phenomenon causes a significant damage occurring
seasonally and periodically to roads, pavements,
railways, buildings, and other lifeline infrastructures
such as pipelines. Dealing with this phenomenon in
susceptible areas is vital, and the solution must be
both economically justifiable and eco-friendly. Thus,
using novel methods to deal with this problem can be
important for geotechnical engineers. Some studies
and many real-life projects have been done to control
and mitigate the soil frost heave and its effects. Frost
heave mitigation can be met through bounding soil
particles, filling the voids among particles, disbanding
soil particles, and changing the fluid characteristics
among particles (Lambe, 1956) (Fig. 7b). In one of
the most comprehensive and early studies, Lambe,
(1956) introduced 40 different additives to the
sample soils and presented the treatment effect in
terms of heave ratio. He also evaluated resin-type
additives, portland cement, cations, dispersants,
and water proofers on the frost heave of three soil
samples. Kettle and McCabe, (1985) investigated the
effect of mechanical stabilization using slag, basalt,
and limestone as stabilizing agents, which were
divided into two particle groups for their gradation
to control frost heave. They reported that the slag
aggregate led to the highest heave reduction and
the increased coarse-aggregate content was directly
related to the performance of the used method.
Zieba et al. (2019) applied micro-silica and nano-silica
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to sandy clayey silt (saclSi) which is frost-susceptible
soil. They showed that adding 5% nano-silica could
lead to an almost complete reduction in frost heave.
They also reported that mixing the same amount
of micro-silica reduced the frost heave by 21%. Liu
et al. (2022) indicated that the frost heave amount
can be mitigated by electro-osmosis dewatering. A
growing trend is forming to limit the application of
conventional additives, such as chemical grouts, lime,
and cement, for ground improvement purposes,
including frost heaving control. This limitation stems
from the fact that materials production and use have
been proven to be harmful to the environment.
According to Karol, (2003), almost all chemical
grouts are toxic and hazardous to nature. Thus, many
researchers have pursued the growing prospect
of developing new safe ground improvement
methods. Among the new ground improvement
techniques in some fields of civil engineering, such
as self-healing concretes (Muhammad et al.,, 2016)
in structural engineering and soil improvement in
geotechnical engineering (Shahrokhi-Shahraki et
al., 2015), microbially induced calcite precipitation
(MICP) seems to be a promising method, particularly
from an environmental point of view. This method,
however, faces some challenges including ammonia
by product (Lee et al., 2019). In this context, some
soil native microbes are triggered to procure
rapidly and create calcite cement within the soil
matrix, which enhances the soil’s hydro-mechanical
properties. Several bacteria, such as Proteus mirabilis
and Proteus vulgaris mixture (Talaiekhozani et al.,
2014), Bacillus sphaericus (Hataf and Baharifard,
2020), Sporosarcina pasteurii (Han et al., 2016), and
Bacillus subtilis (Wath and Pusadkar, 2021) have
been used in the MICP procedures. Among these
bacteria, Sporosarcina pasteurii has been suggested
as the most efficient bacteria for the MICP process
in soil (Rahman et al., 2020). Sporosarcina pasteurii
is a non-pathogenic bacterium capable of producing
high amounts of enzyme urease (Henze and Randall,
2018). These rod-shaped, gram-positive bacteria
precipitate calcite if suitable conditions are provided.
In the most common procedure, calcite needs to
precipitate within soil pores, cementite the soil, and
bound its particles together. This calcite is produced
by hydrolysis of urea via urease enzyme, which occurs
in a calcium-rich environment (Castanier et al., 1999).
The reactions in which this process occurs using Egs.



1,2,3 and 4 (Deng et al., 2021).

(NH,),CO +H,0 — 2NH, +CO, (1)
2NH, +2H,0 — 2NH; + 20H" (2)
CO, +OH™ - HCO; (3)
Ca* +HCO; +OH™ — H,0 +CaCO, (4)

Many studies have been performed on

improving soil properties using the MICP approach.
Modification of soil compressive strength (Xiao et al.,
2021), increasing the soil shear strength (Zamani and
Montoya, 2017), reducing soil permeability (Roth and
Caslake, 2019), creating waste containment barriers
(Etim et al., 2022), mitigating liquefaction (Zamani et
al., 2021), and increasing the shear capacity of the
soil-steel interface (Bak et al., 2021) are among these
studies. In general, application of the biological soil
improvement technique is a very promising method.
It can also be considered as a suitable alternative
to conventional methods and reduce the harmful
environmental effects. Some studies have shown
the significant ability of calcite precipitation in
various aspects of soil improvement as it increases
the bounding of soil particles and reduces the
voids among them. Various applications of the
MICP method have attracted the attention of many
researchers till now, and different aspects of this
approach are becoming more apparent. The aim of
this study was to evaluate the possibility of using this
approach to improve, control, and mitigate the soil
frost heave for the first time. It was also attempted
to assess the Influence of three essential factors,
including bacteria concentration, cementing solution
concentration (CSC), and curing time, which could
affect this phenomenon. For this purpose, a research
testing program was developed by Taguchi design of
experiment method. A frost heave testing apparatus
was designed and built to assess the frost heave in the
soil samples. The Sporosarcina pasteurii bacterium
was selected to proceed with the MICP procedure as
approved in the previous studies. The results were
analyzed for the influence of each factor and their
optimum level tested by ANOVA and ANOM statistical
methods. The findings approved the efficiency of the
adopted method as the frost heave in the soil treated
with optimal bacterial culture was reduced to nearly

one-fifth of the untreated soil. The novelty of this
study lies behind successful application of the MICP
approach to control soil frost heave for the first time.
This revealed the MICP’s capacity for development
and industrialization in the future. This study was
performed in Isfahan, Iran, during 2020-2022.

Microorganism and cultivation

Sporosarcina pasteurii American Type Culture
Collection (ATCC) 6453 was used to accomplish the
MICP procedures on a silty soil identified as soil with
frost heave potential. All the culture mediums used
for bacterial cultivation were the same. To prepare
the culture medium for bacteria cultivation, 13 g
of nutrient broth powder was mixed in 1 L distilled
water and autoclaved for 20 minutes (min) at 121 °C.
After cooling the medium, 20 g/L urea sterilized by
a Polytetrafluoroethylene (PTFE) filter was added to
it. The bacteria strains were provided in a lyophilized
form. The lyophilized powder was solved in 40 milliliter
(mL) of the above medium, cultivated overnight in a
shaking incubator at 30 °C, and centrifuged at 120
rpm to activate the bacteria. Then the solution was
subcultured two more times with the same culture
medium. To safely store the bacteria, 900 mL of
cultivated bacteria and 600 mL of glycerol solution
were mixed in some vials, and the obtained bacterial
stocks were kept in a -80 °C freezer.

Bacterial transfer solution

As suggested by Stocks-Fischer et al., (1999), a
solution was made containing 3 g/L nutrient broth,
10 g/L of ammonium chloride (NH,CI), and 2.12
g/L sodium bicarbonate (NaHCO,) autoclaved for
20 min in 121 °C. Using syringe PTFE filters, 20 g/L
sterilized urea was added to the solution while its pH
was adjusted at 6. The prepared solution was called
bacterial transfer solution. For the primary cultivation
of bacteria, a sample subcultured three times from
the bacterial glycerol stocks was poured into a culture
medium comprising sterilized nutrient broth and 20
g/L sterilized urea using syringe PTFE filters and was
cultivated overnight. The outcome was fresh bacteria
mixed with metabolic supernatants. The obtained
solution was centrifuged for 25 min at 4000 rpm to
harvest the bacteria. After removing the supernatant,
the sedimented bacteria was mixed with sterilized
physiological saline made of distilled water and NaCl.
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The solution was re-centrifuged with the same profile
to remove all impurities. This step was repeated two
times, and the pure bacteria was then mixed with an
appropriate amount of the injection solution to reach
the desired bacteria concentration. The bacteria
concentration was adjusted by a spectrophotometer,
which measured the absorbed light of solution
in a specific wavelength, in order to calculate the
concentration of the bacteria. For the wavelength of
600 nm, the bacteria concentration was calculated
using Eq. 5 (Okwadha and Li, 2010).

CFU/mL =8.59 x10” xOD0* (5)

To determine the viable bacteria count and verify
the spectrophotometer data, some samples were
taken from the final solutions and cultivated on a
petri dish filled with a culture medium consisting
of sterilized nutrient agar and 20 g/L sterilized urea
using syringe PTFE filters. The bacteria concentration
was later estimated using the Miles method (Miles et
al., 1938).

Cementing solution

To trigger and maintain the MICP process at
an adequate rate, a calcium-rich environment
and a sufficient amount of urea are necessary
for continuous urea hydrolysis. These substances
are usually provided continuously to prohibit the
termination of the MICP processes and end their
reactions. The referred substances are provided in
different forms and concentrations. In this study, the
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Table 1: Specifications of the testing soil

Composition Amount
Gs 2.69
D50 0.1 (mm)
Yd max 17.4 (kN/m‘)*
Ydmin 14.9 (kN/m?)
Cu 2.2
Cec 1.16

*Kilonewton per cubic meter

cementing solution consisted of anhydrous calcium
chloride (110.98 g/M) sterilized by 20 min autoclaving
at 121 °C and urea (60.06 g/M) sterilized by PTFE
filters. According to previous studies (Whiffin et al.,
2007), the calcium chloride and urea concentrations
were considered equimolar for all the cementing
solutions.

Testing soil

Frost heave susceptible soils contain fine
particles, especially silt, and the probability of frost
heave occurrence increases with the increase of
silt percentage. The soil particle size analysis was
performed according to the ASTM D2487-17 standard
and categorized using the Unified Soil Classification
System. The sieve analysis testing results related to
the selected soil are presented as a grading curve
in Fig. 1. The soil sample was classified as SM in the
unified soil classification system. The sample soil
contained 24% cohesionless fines. Such soil was
prone to frost heave occurrence. Some of the soil
specifications are summarized in Table 1.

0.1 1

Particel size (mm)
Fig. 1: Particle size distribution of the testing soil



Frost heave testing apparatus

A set-up of frost heave testing apparatus was
designed and built considering the characteristics
required to measure the amount of soil frost heave
and also the data needed to proceed. The apparatus
consisted of some main parts, including a specimen
cylinder, top and bottom caps, top cap cooling and
bottom cap heating parts, a saturation tank, and a
processor that controlled the specimen cylinder’s
temperature gradient and recorded the data from
sensors. The sections of the testing apparatus are
shown in Fig. 2. The specimens were prepared in
an acrylic cylinder with 120 mm diameter and 350
mm height. The bottom and top caps were made of
copper plates for rapid and better heat exchange.
Thermoelectric coolers were mounted at the top cap
of the apparatus, Thus, controlling the temperature of
the top cap could be made more precisely as compared
to traditional methods. These thermoelectric coolers
could quickly reduce the temperature of the top cap
as low as -25 °C. The movement of the upper cap
was restricted to move only in the vertical direction

by two shafts connected to the main frame using a
restricting bearing system. The bottom of the cylinder
was closed with the bottom cap, sealed, and fixed in its
place. A heating element controlled by an appropriate
processor was used for heating the bottom cap in order
to achieve the desired temperature. The processor
got its data from three sealed digital temperature
sensors placed at the specimen’s top, middle, and
bottom (with 10 cm spacing intervals). These sensors
controlled the temperature of the top and bottom
caps by two separate control systems to attain the
temperature gradient set by the user. The processor
recorded the data of the displacement sensor, time,
and the step number in each step on a memory card
with two-second steps. It also sent this data to the
computer through its USB port connector. Strong
insulation was employed to cover the acrylic cylinder
in order to prevent the heat exchange of the perimeter
of the cylinder with open air. The saturation tank was
connected to the lower cap, and the water intake of
the frost heave was supplied from the water of this
tank.

Soil saturation method

Fig. 2: Frost heave testing apparatus: main frame (1), insulated specimen cylinder (2), data processor and recorder (3), displacement
sensor (4), temperature control panel (5), and water tank (6)
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Experimental procedure
Specimen preparation

The first step for sample preparation was to
clear the soil from any likely available bacteria that
could affect the test conditions. For this purpose,
the required amount of the testing soil (3000 g)
was poured into an appropriate container and put
in an oven at 120 °C for 24 hours. After cooling to
the laboratory temperature, 600 mL of the transfer
solution containing bacteria was mixed well with the
soil sample. To prevent fine particles from washing
out of the soil sample, a suitable filter was placed
on the bottom cap of the cylinder. Moreover, the
inner side of the acrylic cylinder was lubricated with
silicone grease to prevent the adhesion of ice lenses
to the wall and guarantee the free vertical movement
of the soil sample. The prepared soil was then poured
into the cylinder and compacted into five equal lifts
with a thickness of 4 cm for each layer to obtain the
same density of 1.63 g/cm? for all the specimens.
After placing a filter at the top of the sample, the
first cycle of injecting cementation solution into the
sample was carried out from the top of the cylinder
using 600 mL of the solution at a rate of 0.8 mL/min.
The second injection cycle was started 12 hours after
the end of the first cycle, using another 600 mL of
cementation solution at the same rate. Based on
previous studies, the specimens were cured under
a constant temperature of 28 °C for all considered
curing times (Khaleghi and Rowshanzamir, 2019).
To explore the effects of the curing time on the
performance of treated samples, the specimens
were cured for various periods of 0, 7, 14, and 21
days before being subjected to frost heave testing.
After curing, the testing specimen was washed with
sterilized water injection to stop all the metabolic
processes and then dried thoroughly.

Testing method

The prepared specimen was then placed into the
frost heave test apparatus, and the saturation tank
was connected to the valve of the bottom cap of the

testing cylinder. The water level at the lower part of
the testing sample played an essential role in the
soil frost heaving procedure, as reported in previous
studies (Hermansson and Guthrie, 2005). The water
level within the testing sample was maintained at a
height of 5 cm relative to the bottom cap for all the
considered specimens. To simulate ambient natural
conditions, no extra saturation was imposed to the
specimens. The moisture within the specimen was
achieved through capillary water rise from the bottom
connection to the water tank with an adjusted stable
water level. The hydrostatic water pressure constantly
maintained a water level with 5 cm height within the
sample through the connected saturation tank until
there was no change in the water level in the tank.
To conduct the frost heave test, the temperature of
the top cap was adjusted to -25 °C, and the bottom
cap was kept at 4 °C. This temperature condition
provided a 1.05 °C/cm temperature gradient for the
testing specimen. The test run for 35 hours to allow
the testing specimen to reach a steady state.

Design of experiment

Various factors affect the frost heave phenomenon
and the MICP treatment procedure. Nevertheless,
some factors have more influence on the final result
and must be considered more precisely. Considering
the previous studies (Khaleghi and Rowshanzamir,
2019), bacteria concentration, CSC, and curing time
were selected as most influential factors to be used
in the present study. All the three factors were
considered at four different levels in the designed
tests (Table 2). However, other factors and parameters
of the experiments were kept constant for all tests.

Taguchi’s design of experiment (TDOE) (Taguchi
et al., 2005) was chosen to be used for planning the
tests, due to its efficiency in reducing the number
of required tests and its precise and reliable results.
Each test ran within the given factor and level until
achieving three logical repetitions. If an ambiguous
result was obtained, the same experiment would be
repeated until reaching a trustworthy outcome. The

Table 2: Different levels of the studied factors

Variable Factor Level 1 Level 2 Level 3 Level 4
Curing period (day) 0 7 14 21
CSC (M) 0.3 0.6 0.9 1.2
Bacteria concentration (CFU/mL) 10° 106 107 108
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Table 3: MICP treatment test program designed by Taguchi method

Input factors

Test No Curl(réi;;mes %\S/S Bacteria concentration (CFU/mL)
T1 03 10°
T2 0 0.6 10
T3 0 0.9 107
T4 0 12 108
Ts 7 03 106
T6 7 0.6 10°
T7 7 0.9 108
T8 7 12 107
T9 14 03 107
T10 14 0.6 10°

T1l 14 0.9 105
Ti2 14 12 100
T13 21 03 108
T14 21 0.6 107
T15 21 0.9 10
T16 21 1.2 10°

experiment was designed using Minitab statistical
software (20.4 version) in Taguchi’s L16 orthogonal
array framework. The developed testing program is
provided in Table 3.

Data analysis

To further analyze the tests results, first the
signal-to-noise ratio (SNR) were calculated via the
less is better assumption. The SNR equation can be
presented as Eq. 6 (Mortazavi Bak et al., 2021).

SNR:—lelog(i(FH")/] (6)

i=1

Where, n is equal to three as each test was
repeated for three times. After calculating the SNRs,
the obtained data were put under the analysis of
means (ANOM) to identify the optimum level of each
factor for achieving the minimum frost heave amount.
For this purpose, the mean SNR ratio was calculated
according to Eq. 7 (Mortazavi Bak et al., 2021).

z

Mean SNR = -3 (SNR), (7)
Z'5

Where, z is the selected to be four earlier. To

determine the mean SNR for each factor level, the

obtained SNRs for that level were inserted in Eq. 7.

The analysis of variance (ANOVA) was also performed
to determine contribution percent (CP) of each factor
and p-value (Frossard and Renaud, 2021). The CP of
each factor is calculated based on Eq. 8-12 (Bak et al.,
2021).

op - SS—(DOFxV,,) 100 (8)
SS,
mn = = \2 9
S X ¥
ssT:Z( ij ~mn(X, )? (10)
=1 \ict [
xT:z( Xi]/(mn) (11)
=1 \iol
F
v :SST— f:]SS (12)
« m(n-1)

The test results in a set of data revealed that
the sample heave magnitude with time was the
most important case. Typical diagrams, including the
one shown in Fig. 3, were plotted for each tested
sample based on the acquired data. These diagrams
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Fig. 3: Diagram of time and frost heave for the untreated soil sample

illustrated the frost heave magnitudes versus time
and provided the required knowledge to investigate
the process of frost heaving for each sample. During
the testing period, each specimen reached a steady
state in which the frost heave tended to a constant
limiting value with no more change with time. This
maximum limiting value of heaving was considered
as the total frost heave value for the testing sample
based on which the frost heave performance of the
sample was processed to analyze the experimental
results.

The first test was conducted on an untreated
soil specimen without performing any stabilization
measure. This test was performed for two more
times to assess the precision of the measured frost
heave. The recorded heaves from these repetitions
were 20.48, 20.51, and 20.60 mm, indicating high
precision in the measured data. Moreover, the mean
total frost heave for the untreated soil was obtained
as 20.5 mm. Subsequently, the frost heave tests were
conducted on the microbially treated soil samples
(Table 3). The testing results are summarized in Table
4, which introduces the results from the defined
tests derived from three repetitions (columns 5-7).
Column (8) of Table 4 gives the mean value of the
soil sample frost heave which is obtained from three
repetitions for each testing case. These mean values
were used to determine Taguchi predictions for all
the designed testing cases presented in column (9)
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of Table 4. Column (10) gives the values for Taguchi
predictions in column (9), divided into the frost heave
value of the untreated samples. Finally, column (11)
of Table 4 presents the SNR values calculated from
Eq. 6.

Table 5 presents the data derived from Table
4 and Eqg. 7. Table 5 includes the amounts of mean
SNRs for all the factors considered in the experiment
program. The SOP was obtained by subtraction of the
maximum and minimum levels of each parameter.

The smaller mean SNR of a level for a test factor
of the experiment implied that the factor level had
a higher influence on the obtained result. Moreover,
the significance of the parameters for each factor
demonstrated the impact of the parameters on the
measured frost heave. For more clarification, the
data in Table 5 were plotted in Fig. 4. Obviously, the
optimum conditions occurred within the 4th level (21
days) of curing time, 2nd level (0.6 M) of CSC, and 4th
level (10® CFU/mL) of bacteria concentration leading
to the lowest possible frost heave.

The ANOVA statistical analysis was performed
using Eq. 8-13 to determine the contribution percent
of each factor (Table 6).

The ANOVA results in Table 6 also demonstrated
that bacteria concentration had the most significant
effect (41.69%) on frost heave control. The curing
times was in the second rank, with nearly the
same influence (40.75%) on the test outcome as
bacteria concentration. The CSC had the least effect
(12.90%) on the frost heave reduction. The obtained



Table 4: Frost heave test results and Taguchi predictions of MICP treated soil samples

Parameter level

Frost heave (mm)

{fgt Curing CSC Bacteria First Second Third Mean Taguchi Heave SNR
’ time concentration repetition repetition repetition (F H) prediction ratio
Q) 2 (3) () (%) (6) @) (®) )] 10) an
T1 1 1 1 8.36 8.4 8.47 8.41 8.61 0.42 18.50
T2 1 2 2 7.1 7.04 7.07 7.07 7.12 0.35 16.99
T3 1 3 3 6.79 6.82 6.70 6.77 6.79 0.33 16.61
T4 1 4 4 7.03 6.99 6.98 7.00 6.74 0.33 16.90
T5 2 1 2 7.40 7.39 7.35 7.38 743 0.36 17.36
T6 2 2 1 7.55 7.56 7.6 7.57 7.28 0.36 17.58
T7 2 3 4 5.51 5.56 5.55 5.54 5.82 0.28 14.87
T8 2 4 3 6.69 6.75 6.75 6.73 6.70 0.33 16.56
T9 3 1 3 6.13 6.08 6.09 6.10 6.06 0.30 15.71
T10 3 2 4 4.57 4.59 4.64 4.60 4.78 0.23 13.26
T11 3 3 1 6.85 6.79 6.82 6.82 6.65 0.32 16.68
T12 3 4 2 6.38 6.35 6.38 6.37 6.40 0.31 16.08
T13 4 1 4 5.59 5.60 5.61 5.60 5.40 0.26 14.96
T14 4 2 3 5.02 4.97 4.98 4.99 5.05 0.25 13.96
T15 4 3 2 591 5.87 5.92 5.90 5.78 0.28 15.42
T16 4 4 1 6.59 6.63 6.61 6.61 6.87 0.34 16.40
Table 5: Mean SNRs of the parameters at different levels
Mean SNR
Parameter Level 1 Level 2 Level 3 Level 4 SOP
Curing time 17.27 16.64 15.52 15.33 1.94
CSC 16.69 15.57 1591 16.58 1.12
Bacteria concentration 17.33 16.45 15.77 15.20 2.13

—@— Curingtime —l—
17.5 ~

17 A

16.5 4

SNR

15 4

14.5 T

CSC = & = Bacteria concentration

Level

Fig. 4: Mean SNRs at different levels of each factor

p-values were less than 0.05, which rejected the null
hypothesis (Andrade, 2019). The results of mean frost
heave (column 8) and Taguchi predictions (column))
for T1 to T16 from Table 4 are plotted in Fig. 5. The
R2, which is calculated by Eq .13, is equal to 0.97,

showing that the outcomes were firmly dependent
on each other (Chicco et al., 2021). The precision of
the TDOE method was previously proved in previous
studies (Lafifi et al, 2019). This was in agreement
with the results presented in the current study. Thus,
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Table 6: ANOVA results

Factor DOF SS MS CP (%) p-value
Curing time 11.39 3.80 40.75 0.002
CScC 3.60 1.20 12.90 0.037
Bacteria concentration 11.65 3.88 41.69 0.002
Residual Error 6 1.30 0.23 4.66™
Total 15 27.94" 100.00
*SST **Ver
. 9
£
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9] 7
=
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Fig. 5: Results of frost heaves measured versus Taguchi predictions

the Taguchi predictions were used afterward.

T[(X-X,)x(Y-Y,)]

- (13)
JE(X-X, ) xE(Y-Y, )]

R

A test was conducted for 10® CFU/mL bacteria
concentration, 21 days of curing, and 0.6 CSC to justify
the optimum predicted condition. Accordingly, the
frost heave was found as 4.41 mm and the heave ratio
was obtained as 0.21. These results were completely
in agreement with the Taguchi predictions.

Heave ratio diagrams

Three diagrams for each input factor at its
optimum level are shown in Fig. 6. The heave ratio
of various bacteria concentrations and curing times
were plotted for a CSC of 0.6 M (Fig. 6a). The same
diagrams were delineated for 21 days of curing time
and 10® CFU/mL of bacteria concentration (Figs. 6a

and b). The heave ratio was in the range of 0.21-0.42,
depending on the CSC, bacteria concentration, and
curing time. This implied that the MICP treatment
significantly decreased the amount of soil frost heave.
Even the minimum treatment with no curing led to a
42% reduction in the soil frost heave. Therefore, the
MICP treatment technique could be suggested as a
viable alternative for the mitigation of the soil frost
heave. As shown in Fig. 6, the amount of frost heave
is changed with the variation of the CSC for the whole
tests. However, the lowest frost heave was observed
in the testing samples with 0.6 M CSC, after which the
amount of the frost heave increased with the increase
of CSC. Based on the testing results, the curing time
of the treated soil samples had a significant role in
their frost heave responses. The specimens with
long curing periods presented less frost heave
amounts in all the cases. The minimum frost heaves
were observed in the samples treated with a CSC of
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Fig. 6: Diagrams of heave ratios at 0.6 M CSC (a), 21 days curing time (b) and 108 CFU/mL bacteria concentration (c)
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0.6 M and cured for 21 days for all testing bacteria
concentrations.

Reduction of the MICP effect with the increment
of CSC could be explained by the negative impact of
a high salinity environment on the life and activity
of the bacteria (Ng et al., 2012). Higher carbonate
precipitation causes lower soil frost heave due to the
stronger bound among the particles and filling the
voids among the soil particles, resulting in less water
preservation within them (Lambe, 1956). As can be
seen in Table 5, the bacteria concentration and curing
time had a more significant role in the reduction of
the soil frost heave compared to the cementation
solution concentration. Notably, applying more
bacteria concentrations imposed higher costs on the
project, while curing the treated soil required very
lesser expenses and attention.

Comparison of the MICP with previous methods
Numerous researchers have focused on the soil
frost heave treatment. For instance, Lambe et al.,
(1956) examined the effect of 40 additives in the
reduction of frost heave. Kettle and McCabe, (1985)
used the mechanical soil improvement method by
mixing slag, basalt and limestone with soil. They
reported 0.24 to 0.41 heave ratios for different
materials in different sizes. Arabi and Wild, (1986)
used lime to control the soil frost heave. They

reported an increase in the frost heave level for using
2% or less lime, but the frost heave decreased as
expected in higher percentages of lime and higher
temperature and curing time. Guthrie et al. (2007)
employed cement to control the frost heave, and
reached higher amounts of frost heave for the soils
treated with 2% or less cement rather than the
untreated soil samples. They also demonstrated that
the frost heave dramatically decreased when 3.5% or
more cement additive was employed. Hu et al. (2018)
used nano-silica to reduce the soil frost heave. They
observed a slight reduction in frost heave (about
3.6%) when the nano-silica content was less than 1%
or more than 2%. The claimed that the frost heave
reduction was about 26% (0.74 heave ratio) when the
applied nano-silica content was in the range of 1%-
2%. Zieba et al. (2019) used 5% of nano-silica content
to reduce the soil frost heave. They reported 97%
(0.03 heave ratio) reduction in the frost heave for the
treated sample. They also used 5% micro-silica which
resulted in 21% (0.79 heave ratio) reduction in frost
heave. Velsovskij et al. (2020) employed the anti-icing
materials which resulted in 30% to 33% (0.67 to 0.70
heave ratios) reduction in frost heave. The results
of a few previous studies are presented in Fig. 8 for
comparison. These results are illustrated based on the
heave ratios of the used soil (0 corresponds to a zero
frost heave). Comparison of the results from Fig. 8

(a)

(b)

Fig. 7: Frost heave of untreated (a), and treated (b) soils: soil particles (1), freezing front (2), void ice (3), ice lens (4), precipitated calcite
(5), and the path of water through ice lens (6)
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Fig. 8: Comparison of the different methods for the mitigation of frost heave

showed that the MICP used for controlling the soil
frost heave let to a reasonable outcome compared to
other methods. For example, higher amounts of lime
or cement should be used to reach an acceptable
outcome; otherwise, these additives would end up
with adverse effects. Compared to other methods,
the heave ratio of the samples treated with the
MICP method was acceptable, showing the technical
feasibility of the MICP method to confront the soil
frost heave. This method can also eliminate the
environmental pollution using the toxic synthetic
materials.

The heave ratios of the MICP-treated samples
were in the range of 0.21 to 0.42. The obtained heave
ratios were smaller than the ratios of polyamide
resin, polyvinyl alcohol, nano-silica (0%-5%), micro-
silica, Portland cement (less than 2% content), and
lime (less than 3.5 % content, or not cured at high
temperatures). The Portland cement and lime (cured
at 75 °C) showed a better function when utilized in
more than 2% and 3.5% contents, respectively. The
curing of lime at 75 °C was somehow impractical to
some extent. Application of nano-silica (5%) mitigated
the soil frost heave almost completely. Considering
the debates over the possible health issues of
nano-silica, some researchers believe that it causes
chronic diseases like silicosis (Napierska et al., 2010).
Mechanical stabilization methods led to 0.24 to 0.41
heave ratios. This range was approximately the same
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as the range obtained in the MICP method. This
method can be utilized for shallow soil improvement,
while using it for deep layers is challenging, time-
consuming, and costly. The MICP and other methods,
which inject grouts to improve the soil characteristics,
have the advantage of being employed in deeper
layers with no necessity for removing upper levels.
The obtained heave ratio for anti-icing materials
was 0.3-0.33 which is nearly the same as the ratio
obtained in the MICP method. The used materials
were saline-based materials which reduced the water
freezing point.

MICP efficiency justification through
electron microscopy (SEM) images

The images of both untreated and MICP-treated
samples were provided by the SEM technique.
For SEM imaging, a small specimen was carefully
prepared with the given characteristics required for
such imaging techniques. In this context, for both
treated and untreated soils, a cubic representative
specimen with a side length of 25 mm was separated
from bulk samples with strict care. The SEM images
of the treated specimen, from a typical testing case
alongside those of the untreated soil specimens,
are presented in Fig. 9. The quality and magnitude
of calcite precipitation on the soil particle surfaces
within the soil matrix can be evaluated by looking at
the SEM, particularly at magnified spots of 1 and 2.

scanning



(a)

(c)

(b)

(d)

Fig. 9: SEM images of untreated (a,c), and treated T14 (b,d) soil samples (the magnification of each image is illustrated at its left bottom
corner)

These images are similar to those illustrated in the
previously reported studies on the MICP treated soils
(DeJong et al., 2006). Zamani and Montoya, (2018)
illustrated the occurrence of calcite precipitation on
the soil grains and the clear difference between the
texture of the treated and untreated soils. As shown
in Fig. 9b and d, the uniform formation of calcite
crystals was observed on the surface of soil particles
and also within the pores among the soil particles.
Although the calcite formation was not too great to
completely fulfill the soil pores, nonetheless properly
bonded the soil particles and presented a robust and
less permeable soil matrix. The partial fulfillment of
pores with calcite led to a lower saturation degree in
the capillarity zone which lowered the soil frost heave.

The soil frost heave is a common problem in
cold regions and mainly destroys the infrastructures
in the suburban areas such as roads, railways, and
pavements. In this study, a novel approach was
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proposed to overcome this issue. For this purpose,
a laboratory-scale experimental study was carried
out to assess the efficiency of the MICP bacterial
treatment to mitigate the frost heave of typical silty
sand. An innovative frost heave testing apparatus was
designed to meet the requirements of the soil frost
heave measurement and control. The Sporosarcina
pasteurii bacterium was employed to proceed with
the MICP procedures for soil treatment. The MICP
method was introduced as a viable and efficient
alternative to conventional methods for treating the
soil frost heave for the first time. According to the
results, the Sporosarcina Pasteurii bacterial MICP
treatment led to a reduction in the frost heave ratio
to 0.21 in optimum treatment (i.e., lowering the
soil frost heave to nearly one-fifth of the untreated
soil). The minimum MICP treatment showed a heave
ratio of 0.42. The ANOM and ANOVA analyses of
data developed by the Taguchi-based experimental
design showed that, among the three variables of
the bacteria concentration, curing time, and CSC, the



bacteria concentration with 41.69% contribution to
the results was the most influential factor. The curing
time had a 40.75% contribution to the outcome,
which was slightly less than the contribution of the
bacteria concentration factor. The lowest contribution
belonged to CSC, with 12.90% contribution. The
P-values for all the three factors were less than 0.05,
and thus the null hypothesis was rejected. The frost
heave trend assessment revealed that increasing
the bacteria concentration continuously decreased
the soil frost heave. The analysis also defined the
optimum (minimum) frost heave occurring at 108 CFU/
mL bacteria concentration (the maximum level). The
curing time factor also followed the same trend, and
the minimum frost heave occurred at 21 days, (the
highest curing time). The optimum CSC, leading to the
lowest frost heave, was found to be 0.6 M. However,
in contrast to the other two factors, the frost heave
increased to higher levels of 0.9 M and 1.2 M. Except
for using over 2% of cement, in application of 3.5%
of lime cured at 75 °C, and 5% of nano-silica (which
reduced the heave ratio to near zero), the heave ratios
of the MICP-treated samples were lower. In a few
cases, their range was the same in different methods.
In contrast to other methods namely cement, lime,
and nano-silica, one of the advantages of the used
method was its effectiveness at any application
level. The observational SEM imaging approved
the formation of calcite precipitation, bonding soil
particles, and filling soil pores. Therefore, the partial
filling of soil pores, due to the MICP procedure, led to
alower saturation degree in the capillarity zone which
lowered the soil frost heave. The MICP method faces
some challenges, namely providing some undesirable
by-products. This method may be used as an eco-
friendly, cost-effective approach after development,
modification, and industrialization in the future.
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For the first time, an earthquake swarm occurred from April to August
2021 in Lake Toba (Indonesia), the world’s largest caldera lake. Although the earthquakes were located in
a volcanic environment, the swarm activities could also be related to tectonic activities on the Sumatran
fault. The swarm activities occurred at shallow depths and may influence the ground surface condition in
which soil or rock below the subsurface can amplify the shaking. The research objective was to investigate
the characteristics of the earthquake swarm in the Toba Caldera from the spectrum of the earthquake
waveforms, site frequency, and horizontal-to-vertical ratio of sites.

The spectra of very closely located swarm and nonswarm earthquakes were analyzed to
investigate the differences between both types of seismic events. The seismic spectral ratio of horizontal-
over-vertical components was applied to calculate the spectrum in the active swarm region from all newly
installed seismic sensors. The root mean square was applied to average the amplitude of the horizontal
components. Then, the values of the horizontal-to-vertical ratios were obtained by comparing the average
values of the horizontal and vertical components.

The microtremor study showed a more complete spectrum waveform from the low-to-
high frequency of a non swarm earthquake, while the swarm earthquakes generated high-frequency
seismograms. From the combination values of natural site frequencies and the horizontal-to-vertical ratios,
the Toba environment can be classified into five clusters: I) Samosir—Hasinggaan, Il) Samosir—Parapat, IIl)
Silimapuluh, IV) Balige—Paropo, and V) Panjaitan. Samosir Island located in the middle of the Toba Caldera
has the highest frequency and amplification, which are divided into two clusters.

Cluster 1, with high amplification corresponding to the earthquake intensity, was felt by
people in northern Samosir. Cluster Il is located in the southern part of Samosir Island. Cluster Ill features
moderate values of amplification and seismic vulnerability and therefore needs attention before future
infrastructure development. Cluster IV, located in the southern and northern regions with high amplification
and vulnerability, is associated with the Quaternary eruption. Cluster V, situated in northeastern Toba, has
the lowest amplification and vulnerability compared to other clusters. The microtremor results provide
good correlation with the geology in the volcanic environment of the Toba region.
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From April to August 2021, the local population
was surprised by swarm activity that occurred in Lake
Toba and its surrounding regions, as shown in Fig. 1.
This swarm activity raises the question of its cause.
Swarm activity can be either related to the movement
of magma or hydrothermal fluids in a volcanic
environment (Hayashiand Morita 2003) or continuous
slips along preexisting faults caused by stress changes
(Gualandi et al. 2017). The cause of the Toba
earthquake swarm remains unclear. A simple method
for understanding the cause of an earthquake swarm
is assessing and comparing the waveform spectra of
swarm and nonswarm earthquakes. Understanding
the cause of swarm earthquakes is important so that
a population or government can take appropriate
mitigating action to reduce the future possible risks.
Meanwhile, the strong shaking of 2-3 MMI caused
by an earthquake swarm with magnitude of M ~3.0
created public concern about potential damage to
Lake Toba and its surroundings. Shaking can be also
caused by nonswarm earthquakes, such as the 2004
Indian Ocean earthquake with an M of 9.0 and the
2005 Nias earthquake with an M of 8.5 that were
strongly felt at Toba Lake, while inland destructive
earthquakes emanate from the Sumatra fault system.

The inland earthquakes are distributed along the
Sumatra fault system (Sieh and Natawidjaja 2000),
including the Renun fault and the Toru fault as the
closest active faults to the Toba region (Muksin et
al., 2013, 2014). Both faults have generated major
earthquakes near the Toba region accompanied by
massive damage (Pasari et al., 2021). Several major
earthquakes occurred along the Renun segment in
1916 and 1921 with M~7, while the Toru fault has
not generated a major earthquake larger than M 6.5
(Muksin et al., 2014; Hurukawa 2014). The largest
earthquake from the Toru fault occurred in 1984 (M
6.4) and caused serious damage and loss in the city of
Tarutung (Ryberg et al., 2016; Pasari et al., 2021). The
most recent earthquakes on the Toru fault occurred
along the Sarulla Basin in 2008 (M 6), 2011 (M 5.5)
(Muksin et al., 2013) and 2020 (M 5.4). Further,
several major earthquakes were also felt in Toba,
such as the doublet earthquake in 1926 (M 6.5 and
M 6.8) and 2007 (M~6) that occurred on the Suliki
and Sumani fault segments (Daryono et al., 2012). In
the last decade, no major events have been recorded
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near Toba, but the swarm activities suggest the
potential for an unknown local tectonic system inside
Toba that can generate a strong shaking. Among the
swarm events, three earthquakes (M~3) with an MMI
of 2—3 were strongly felt by the local population but
without severe damage. Therefore, mitigation plans
to anticipate either the volcanic or the tectonic
impact in Toba should be prioritized because the
region is highly populated and considered the most
popular tourist destination in Sumatra. Several
studies have been undertaken to highlight the
environmental condition of Toba, involving geological
modeling (Chesner et al., 2008), tomography imaging
(Koulakov et al., 2010; Koulakov et al., 2016), water
pollution (Soeprobowati 2015), and the impact of
climate change on the water level in Toba (Irwandi
et al., 2021). Although the Toba region is seismically
active from tectonic and (possible) volcanic activities,
no study has been conducted on its environmental
vulnerability, particularly to seismic activities and
microzonation. In May 2021, a seismic survey was
conducted to assess the seismic amplification and
the vulnerability level of Lake Toba. Seismic records
can be used to study the horizontal-to-vertical
spectral ratio (HVSR) and natural frequency based on
microtremor data to derive the seismic vulnerability
of the Toba region. Microtremor HVSR has been
widely applied to assess the potential damage caused
by earthquakes by using specific parameters such
as seismic amplification and natural frequency that
relate to the geological condition (Goda et al., 2015;
Parker et al., 2015). Locations with possible damage
during earthquakes are categorized as areas with low
dominant frequencies (Nakamura 2009). Microtremor
HVSR is one of the least expensive methods and is easy
to operate where areas are inaccessible. The HVSR
result is recommended for soon assessing a detailed
soil cluster and its projected effect. Furthermore, the
results can also be used to study the probabilistic
seismic hazards to help diminish the potential losses
in Toba. This study aims to investigate the vulnerability
after swarm phenomena in a specific cluster in Toba.
Another research objective is to define the possible
cause of the swarm earthquake from different swarm
and nonswarm earthquake spectra recorded by the
same seismic stations. This seismic experiment was
performed in Toba and its surroundings in Indonesia
from April to May 2021.
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Fig. 1: (a) Geographical map of Indonesia and the study area in the northernmost part of Sumatra. (b) The tectonic map of the northernmost

part of Sumatra features active subduction with a geodetic slip rate of 5-6 cm/yr and the Sumatra fault system with active volcanoes. The

red square is the boundary area located in Lake Toba and its surroundings. (c) The study area in Lake Toba and its surroundings and the
observation points from a temporary sensor (blue triangle) and a permanent sensor (red triangle).

Geology of the study area

Caused by a supereruption 74,000 yr B.P., the
Toba caldera is one of Earth’s many complex volcanic
systems. The Toba volcano has erupted four times
since the Quarternary, making a large depression
area in northern Sumatra (Chesner et al., 1991;
Geethanjali et al., 2019; Chesner et al., 2020). As
aforementioned, it is the largest of calderas, and the
current condition of the complex volcanic system

is influenced by the youngest Toba eruption that
removed 2,800 km?® of dense-rock-equivalent of
rhyolitic magma at 74,000 yr B.P. (Chesner et al.,
2020; Pearce et al., 2020). The young Toba tuff (YTT)
(Fig. 2) was formed during the last eruption of the
Toba volcano in the Late Pleistocene as a large area
comprising pyroclastic material (Chesner and Luhr
2010; Chesner 2012). Eruption ash is detected at many
locations in South Asia by paleoclimate studies, with
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the results indicating an escalation of eruptions. The
ash is composed of middle Toba tuff (MTT) (504 ka),
old Toba tuff (OTT) (840 ka), and Haranggaol Dacite
tuff (1.2 Ma) (Knight et al., 1986; Chesner et al., 1991)
from previous eruptions. The YTT eruption removed
a global mass of ash and various gases (Sarma et al.,
2018) that make a paleoclimate phenomenon with
acid rain (Chesner and Luhr, 2010), resulting in the
devastation of vegetation and living populations
(Pearce et al., 2020).

Geologically, the Toba tuff has special
characteristics comprising the subsurface condition
with low seismic velocity (Vs). Stankiewicz et al.
(2010) found low Vs surrounding the Toba caldera.
Low Vs can be associated with the presence of a
magma chamber beneath the caldera, while at
shallow depths, low Vs can be also interpreted as
soft soil or rock (Asnawi et al., 2022) compared to the
surrounding region. A low Vs value can also cause high
seismic amplification and is subsequently classified as
high seismic vulnerability. Therefore, an investigation
of seismic amplification and vulnerability in the Toba
region is considered essential.

Microtremor acquisition

Microtremors were measured using two types
of seismometers. The first type was a portable
nodal seismic sensor used to record microtremors
at 27 sites, and the second type was a broadband
permanent seismic sensor used to record 9 sites
(Fig. 2). The portable seismic sensor with a Magseis
Fairfield nodal array was applied using three
geographical components with a corner frequency of
5 Hz, a 24-bit ADC, and the ability to record with a
200 sps continuous reading. The observation location
was set by a grid space of 10-30 km depending
on the access to the site, with the recording time
length at each site set at 45-60 min. The permanent
station was equipped with a Nanometrics broadband
seismometer with a sensitivity of 750 V/m = 0.5%
and operated by the Meteorology, Climatology, and
Geophysics Agency (BMKG, Indonesia) to record
the seismic activities in Sumatra. The sampling rate
from the permanent seismic station was set to 40 sps
with an effective resolution of 22 bits. The recording
data of the portable and permanent seismic sensors
were gathered at night to reduce the transient noise
from human and machine activities. The seismic
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waveform was then used to calculate parameters
such as the amplification and dominant frequency
and subsequently to derive the seismic vulnerability.

HVSR microtremor processing

The HVSR is globally applied to assess the
vulnerability level of a seismically active environment.
Nakamura (2009) first developed the method with a
single seismic sensor. The amplitude in the vertical
shaking value is normally stable, while the amplitude
in the horizontal direction is dominantly influenced
by the soil subsurface condition that may receive a
substantial amplification effect (Nakamura, 2009).
Assuming the H/V as the frequency function that
corresponds to the site characteristic,c, Nakamura
(2009) found that the local effect can be measured
using the spectral ratio of horizontal-over-vertical
components using Eq. 1 (Nakamura, 2009).

VNS + EW?

v

H
v (1)

The root mean square was applied to average the
NS and EW as the representative of the horizontal
components. The average of the horizontal amplitude
was divided by the vertical amplitude to obtain the
average H/V spectrum. From the H/V spectrum, the
dominant frequency and period can be obtained
at the H/V peak, which is associated with seismic
amplification. The dominant frequency is closely
related to the lithological conditions and thickness
of the subsurface. The H/V spectrum is related to
the rock density. The amplification value is large for
areas composed of low-density rocks or soil. Seismic
surface waves propagate slowly in soft sediments,
and ground shaking can be amplified and thereby
cause severe damage. The seismic vulnerability
index (Kg) is calculated by dividing the square of the
amplification with the dominant frequency using Eq.
2 (Nakamura, 2009).

(2)

The K, value can be used to categorize the
subsurface soil and qualitatively estimate possible
damage areas (Tun et al., 2016; Seivane et al., 2022).
Some studies have applied the result of K, to assess
an earthquake-prone area for earthquake mitigation
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Fig. 2: (a) The seismicity map of the Toba area maps the swarm activities mostly located at Samosir Island and distributed in the NW-SE

direction parallel with the Sumatra fault system (Chesner 2012). The seismometer for recording the seismic waveforms is divided into two

types, temporary (purple triangle) and permanent (red triangle). (b) The local geological map of Toba features the lake sediments as the

dominant geological unit. The three eruptions make a different rock age with old Toba tuffs (OTT)—840 ka, middle Toba tuffs (MTT)—500
ka, and young Toba tuffs (YTT)—74 ka.

plans (Boore 2004; Claprood et al., 2014; Manzo et
al., 2022; Jiang et al., 2022). This study is the first on
seismic vulnerability based on swarm earthquakes in
the Toba region.

Example results of microtremor processing are
shown in Fig. 3. A band pass filter with a range of
0.1-10 Hz was applied to the seismic waveform. The
filtered waveform was segmented into several specific

windows, as shown in Fig. 3a, and then a fast Fourier
transform was applied to all accepted windows to
transform the time domain data into the frequency
domain (spectra). An STA/LTA antitriggering with a
threshold range of 0.1-0.5 s was applied to exclude
the transient noise from further analysis. After the
transient effect was reduced, a 5% cosine taper
was used to improve the spectrum quality of the
frequency domain.

The examples of waveforms with spectrograms
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The selected windowing is marked by a frequency of <5 Hz, while the transient noise is marked by a sudden peak. (b) Example of the H/V
graph results from |A-SSSI as the permanent sensor and T2_08 and T1_04 as the temporary sensor.

(Fig. 3) show the quality of the seismic records. The
selected waveform ranged from 1 to 5 Hz, while the
transient noise shows a sudden peak in the high-
frequency range. The three example results (I1A-SSSI
in the eastern part of the study area and T2_08 and
T1_04 at Samosir Island) show different characters
of subsurface soil response. The different H/V values
for the three locations indicate variations in the site
conditions depending on the rock properties of the
area.

Analysis of swarm and non-swarm earthquakes

To propose the correct mitigation action, the
cause of the earthquake swarm either by volcanic
or tectonic activities must be investigated, which
is undertaken by examining the spectra of swarm
and nonswarm earthquake ash shown in Fig. 4. The
chosen earthquakes occurred at different times but
were located near each other. These swarm and
nonswarm earthquakes were recorded by the same
station and then the spectrum characteristics of the
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seismic waveforms from both earthquakes were
analyzed.

The swarm recording shows high-frequency
content larger than 10 Hz, which may be associated
with possible hydrothermal fluid migration (Horton,
2012; Ross and Cochran, 2021). An earthquake
swarm can also occur along the preexisting fault
triggered by stress changes, caused by dike intrusion
from the upper-crust layer. From the distinction of
waveform frequencies, the cause of the intensity felt
from the earthquake swarm in Toba was assumed
to be a possible large sediment layer beneath the
subsurface. A similar study determined the high-
frequency content from a fluid-driven earthquake
swarm in a Yellowstone caldera lake (Shelly et al.,
2013). Based on that study, the comparisons from
some stations must be manually checked, as shown
in Fig. 5.

The example recordings from different stations
show the possible amplification effect beneath
sensors T110 and T203. The waveforms from both
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Fig. 4: (a) Example recordings of nonswarm and (b) swarm earthquakes. (c) Example spectrograms and power spectral densities (PSDs) of
nonswarm (BOTTOM LEF and swarm (BOTTOM RIGHT) earthquakes. The spectrogram shows that the swarm earthquake has more high-fre-
quency content than the nonswarm earthquake.

stations show a noise artifact that can be associated
with the subsurface sediment. The spectrogram
from four stations also shows T110 and T203 with
saturated PSD influenced by the sediment subsurface.
All sensors were manually inspected to assess the
waveform quality that can be used to measure the
possible site effect and support the separation of
clusters based on the H/V value in the study area.
The waveform spectrum of the swarm earthquake
recorded by some stations in Fig. 5 follows the
characteristics of the natural frequency recorded at
each site. The natural frequency and H/V value at
each measurement point having been obtained, the
effect of the swarm earthquake in the study area
can be investigated as the environmental conditions
supporting soil or rock. In general, stations located in
a region with high H/V will record high amplitude at
the natural frequency.

Interpretation of HVSR results

After all results were collected, the microtremor
parameters such as frequency and amplification were
compiled to interpret the condition of the subsurface
soil in the study area. The maps of the parameters
of dominant frequency and period, the H/V values,
and the vulnerability index are provided in Fig. 6.
High dominant frequencies were recorded in Samosir
Island, while low frequencies were located in the
northern and southern parts outside Toba Lake (Fig.
6). In contrast to dominant frequencies, low dominant
periods were observed along the Sumatra faults and
outside Samosir Island (Fig. 6). The amplification
obtained from the vertical axis of the peak of the
H/V curve shows the highest amplification in Samosir
Island, which can be related to the earthquake
intensity felt by the local population (Maresca et al.,
2018; Alamri et al., 2020).
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Soil vulnerability in active swarm region
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Fig. 5: (a) Example recording of two swarm events in the four sensors. The T110 and T203 stations show noise artifacts that can be associat-

ed with the subsurface condition. (b) The spectrogram from four stations also shows T110 and T203 with saturated PSD that can be related

to the sediment subsurface. (c) The Fourier transform graph from all recordings highlights that T104 and T107 have higher amplitude factors
than T110 and T203 (c).
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Fig. 6: (a) Spatial interpolation results of the HVSR result in dominant frequency, (b) dominant period, (c) amplification, and (d) vulnerability.
(e) The heat map graphic explains the relationship between microtremor results and the correlation to all parameters.

Fig. 6(a—d) shows the map of dominant frequency lowest along the Renun segment of the Sumatra fault
and period as well as the seismic amplification and segmentation. Then, all seismic parameters, including
vulnerability. The seismic vulnerability K, is highest dominant frequency, amplification, and seismic
mostly in the northern part of Samosir Island and vulnerability, were spatially grouped into a specific
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cluster. The relationship among all parameters (Fig.
6e) shows a linear correlation between amplification
and vulnerability with a correlation value of 0.89
and amplification and frequency with a correlation
value of 0.82. To examine the clusters, the seismic
parameters were interpreted based on the geological
condition and swarm zone mostly located in Samosir
Island. Here, the low dominant frequency in the
study area might be associated with the lithological
condition that is composed of thick volcanic sediment
layers in the upper subsurface, while the low
frequency could be related to the solid rock structure.
In general, the result of the dominant frequency due
to the Rayleigh waves has a long period content that
may connect with the lithological condition in which

(a)

a thick layer lies beneath the sediments (Stanko et al.
2017; Forte et al. 2019). On the basis of the dominant
frequency, the five clusters (Fig. 7) are Cluster | in
northern Samosir Island and Hasinggaan, Cluster I
in southern Samosir Island and Parapat, Cluster Il
in Silimapuluh, Cluster IV in Balige and Paropo, and
Cluster V in Panjaitan.

Cluster | (Samosir Island - Hasinggaan)

Cluster | is located in northern Samosir Island
and the Hasinggaan region (Fig. 7). Samosir Island
is composed dominantly of lake sediment and
therefore most stations recorded high amplification
and frequency. The lake sediment may influence the
amplification of the seismic waveform due to the
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Fig. 7: (a) Clusters of zonation derived from the combination of dominant frequency and amplification (A) in the Toba area. (b) The area is
divided into five clusters: Cluster | in northern Samosir Island and Hasinggaan, Cluster Il in southern Samosir Island and Parapat, Cluster Ill
in Silimapuluh, Cluster IV in Balige and Paropo, and Cluster V in Panjaitan. (c) Swarm earthquake location in the Toba area.
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weak soil associated with volcanic deposits (Boore
2004; Claprood et al., 2012). The amplification is
relevant for the report on the earthquake felt by the
local population in the central and northern parts of
Samosir Island. Most people in the north of Samosir
Island reported higher shaking compared with the
southern part, as shown in Fig. 5(a). On the other
hand, the dominant frequency ranges in Cluster |
have the highest values, being between 7 and 8 Hz.
The lake sediment is interpreted to have a thin layer,
while the rock formation may have a thick layer below
the subsurface. With the highest frequency and
amplification parameters, Cluster | has a vulnerability
value K, of 9-12.

Cluster Il (Samosir Island - Parapat)

Different subsurface soil characteristics divide
Samosir Island into two clusters, Cluster | in the
northern part and Cluster Il in the southern part.
The southern part of Samosir—Parapat has a slightly
lower dominant frequency, with a range of 5-7 Hz.
Geologically, the rock formation in the southern part
of Lake Toba is older than that in the northern part,
and it makes the sediment layer thicker. The OTT
formation is the first quartz-bearing rock that was
erupted, and this event created the Porsea caldera
(Chesner et al. 2008). The deeper sediment layer
makes a lower natural frequency range than the
northern part. The Parapat region has lower seismic
parameters, but both regions have similar values at
the vulnerability level.

Cluster Ill (Silimapuluh)

The Silimapuluh region is categorized as Cluster
Il with a moderate amplification value and natural
frequency. Cluster Il is located in the southwestern
part of YTT. The rock structure can be found along
the Silimapuluh region. Cluster Ill has moderate
parameters with a dominant frequency of 4-6 Hz, a
dominant period of 0.2-0.3 s, an amplification of 5-6,
and a seismic vulnerability Kg of 6-9. However, the
moderate vulnerability level needs more attention
due to the active fault in the western part. The
right lateral Renun fault is suggested to have a slip
rate of ~¥2 cm/yr. Furthermore, future studies must
be conducted with more observation points in the
western part of Cluster Ill and covering the Renun
fault lineation to prepare a mitigation plan based on
active faults near Toba.
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Cluster IV (Paropo - Balige)

Cluster IV is located in the southern and northern
parts of Lake Toba outside Samosir Island and is also
constituted by OTT. The Quaternary eruption created
the caldera in Balige. Cluster IV has a dominant
frequency range of 3—4 Hz, the dominant period being
~0.3 sin Balige and ~0.4 s in Paropo, while the seismic
amplification is less than 4 in Balige and greater than
4 in Paropo. The seismic vulnerability is classified
as high with a seismic vulnerability K_of 6-9 for the
Balige and Paropo areas. Similar seismic parameters
in the north and south indicate that the subsurface
soil is mostly identical and the soil is formed by OTT
from the Quaternary eruption. Cluster IV is located
outside the swarm zone and Samosir Island, but it
still needs a mitigation plan to reduce the effect of
earthquake-derived shaking.

Cluster V (Panjaitan)

Cluster Vis located inthe northeastern part of Lake
Toba, namely, in the Panjaitan region. Cluster V has a
lower parameter than other clusters. The dominant
frequency in the Panjaitan Cluster is 3—4 Hz, with an
amplification of 5-6 and a seismic vulnerability K_ of
3-6. The population in the Panjaitan region did not
report any shaking caused by the swarm earthquake
because Panjaintan is far from the swarm center. The
subsurface of Cluster V is mostly composed of YTT,
as shown in the geological map (Fig. 2). On the basis
of a lower frequency, the tuff deposit in Cluster V
may indicate a larger layer in the upper subsurface
compared to other clusters. However, Cluster V also
needs a mitigation plan to anticipate the potential
shaking derived from a swarm earthquake.

The swarm earthquake in the Toba region
has changed the seismicity distribution that was
distributed northwest—southeast in Samosir Island.
The swarm earthquake can be considered an
important event because of its shallow depth and
repeated shaking duration of approximately 2-3
MMI. Therefore, a microtremor study was conducted
to ascertain the previously unknown soil properties in
Toba and the surrounding region. The novelty of five
specific clusters was found based on the dominant
frequency, seismic amplification, and vulnerability
recorded by seismic temporary sensors. Cluster | is
located in northern Samosir Island and in Hasinggaan



and is dominantly composed of lake sediment and
characterized by high amplification and frequency.
The amplification is relevant for the report about
shaking felt by the local population in central and
northern Samosir Island. The dominant frequency
range in Cluster | has the highest values of 7-8 Hz
from the lake sediment that may have a thin layer
below the subsurface that produces the highest
vulnerability index. The characteristics of Cluster
Il in southern Samosir Island are similar to those of
Cluster I. The rock formation in the southern part of
Lake Toba is older than that in the northern part, and
it makes the sediment layer deeper. The range of the
dominant frequency is lower in the southern part
of Samosir Island than in the northern part, which
correlates with the thicker sedimentary layer in the
north. Cluster Ill (Silimapuluh) region has moderate
amplification and vulnerability in the southwestern
part of YTT and needs attention because of several
major earthquakes in the last decade. Cluster IV is
located in the southern and northern parts of Lake
Toba and also the OTT location. The parameters in
Cluster IV have a dominant frequency range of 3-4
Hz, a dominant period of ~0.3 s in Balige and ~0.4
s in Paropo, an amplification of <4 in Balige and >4
in Paropo, and Kg is 6-9 for both regions. Similar
parameter values indicate the subsurface soil is mostly
the same, whichis formed by OTT from the Quaternary
eruption. Cluster V is located in the northeastern part
of Lake Toba, namely, in the Panjaitan region, and it
has the lowest parameter. The dominant frequency
is 3—4 Hz, the dominant period is <0.2 s, the
amplification is 5-6, and K_is 3-6. Cluster V is mostly
composed of YTT as the subsurface soil, which has a
lower frequency, indicating that the deposited layer
may be larger in the upper subsurface. The clusters of
the microtremor results provide a satisfactory spatial
interpretation that is consistent with the recent
geological condition and properties in the study area.
A comprehensive study with more observation points
with shear wave velocity must be conducted in the
western part where the Sumatra fault is located.
Further, this microtremor study in the swarm zone is
the first research effort in the Toba region, which is
important for reducing the environmental risk based
on swarm earthquake disaster mitigation and policy.
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The amount of solid waste produced and its impact
on communities and the environment are becoming a global concern. This study aims to
assess the amount, composition, and prediction models of solid waste generation in the
study area.

Solid waste data were collected from both residential and non-residential areas
using stratified and systematic sampling approaches. Interviews and field measurements
were used to obtain socioeconomic and solid waste data from 90 households and 69
samples from non-residential areas.

The research area’s mean household solid waste generation rate is 0.39kilograms
per capita per day. Organic waste accounted for the majority of the waste generated in the
study area (71.28 percent), followed by other waste (9.77 percent), paper (6.71 percent),
and plastic waste (6.41 percent). The solid waste generation rate demonstrated a positive
relationship (p<0.05) with monthly household income and educational level. However,
there was a negative association between family size and age (p > 0.05). Based on a high
regression coefficient determination value (0.72), low mean absolute error (0.094), sum
square error (1.28), and standard error of the estimate (0.908), Model 4 was chosen as the
best-fit model among the proposed models.

The developed models met multiple linear regression assumptions and
could be used to estimate the rate of household solid waste generation. This study
generated large amounts of organic waste present in municipal solid waste sources that
can contaminate the environment and have an impact on human health while also having
a massive energy recovery capability.
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The population of the universe has rapidly
expanded, from 3.1 billion in 1960 to almost 7 billion in
2010. By 2050, 9.3 billion people are projected to exist
on Earth (Malav et al., 2020). Municipal solid waste
(MSW) production worldwide is reportedly between
1.7 and 1.9 billion metric tons per year (Wilson et al.,
2016). Also, solid waste generation will increase from
1.3 billion to 2.5 billion metric tons per year by 2025,
with developing countries accounting for the majority
of the growth (Pandey et al., 2015). The amount of
solid waste produced has increased over time due
to population growth and urbanization worldwide.
However, there are fewer rooms accessible to keep
waste (Eboh et al., 2016). Owing to the differences
in population growth, geography, climate, and living
standards, solid waste generation trends fluctuate from
area to area, country to country, and city to city (Noufal
et al., 2020). Developed countries can produce more
solid waste than developing countries, but because of
institutional competency, access to technology, and
sufficient costs for sustainable solid waste treatment,
most developed countries are effective in regulating
waste (Shahzad et al., 2013). Since solid waste
managementhas an impact on both the environment
and human health, as well as having the potential
to considerably increase resource conservation, it is
becoming a concern for both national and municipal
governments (Ghinea et al., 2016). An effort is being
made in Africa for a range of waste streams to develop
and put into effect rules, regulations, and policies
that facilitate the management and collection of
urban solid waste, including recycling, recovery, and
environmentally sound disposal (Mukwana et al,,
2014). To manage waste effectively, it is important to
gather a lot of data from several sources, including
accurate estimates of the quantity of waste that
will be produced in the future as well as data on
the factors that will affect that generation of waste
(Grazhdani, 2016). The development of current waste
management infrastructures as well as their continued
sustainable development and optimization are based
on future projections of the generation of MSW
(Abasi and El Hanandeh, 2016). For proper decision-
making about the management of solid waste in
urban areas, it is crucial to know the amountand
kind of waste produced (Intharathirat et al., 2015).
MSW is diverse in both quantity and composition.
The changes in the seasons and household income
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levels affect it differently (Monavari et al., 2012).
Investigators have conducted studies on the factors
that influence the rate of waste formation. The
studies’ findings demonstrate that factors such as
educational level, age, family size, and income have a
substantial impact on the amount of household waste
generated (Zulkifli et al., 2019; Noufalet al., 2020). The
categorization and measurement of waste quantity
and composition are made more challengingdue
tothis fluctuation. Domestic solid waste generation
and composition in various regions of the world have
been evaluated by severalstudies (Noufal et al., 2020).
The studies revealed that analyzing the characteristics
of MSW is critical for a variety of reasons, including
determining the potential of waste resources for
recycling, reuse, and recovery processes; estimating
solid waste generation sources; and designing simple
treatment facilities. However, solid waste generated in
households varies greatly and is largely dependent on
socioeconomic status (Amaya et al., 2019). Forecasts
of solid waste from mathematical prediction models
are regarded as a crucial tool for decision-makers,
policy-makers, and stakeholders in creating the best
and most comprehensive solid waste management
policies (Abbasi and El Hanandeh, 2016). To estimate
the solid waste generation rate, several multiple
regression models have been built for various cities
around the world (Verma et al., 2019). Unfortunately,
the social, economic, and geographic heterogeneity
of the various regions of the world makes it difficult
to draw conclusions or make projections with the
suggested models. It is necessary to adapt models and
their variables to the circumstances in other places,
often with varying degrees of success. Some of the
difficulties associated with adapting these models,
according to Kumar and Samandder (2017), are
related withinadequate or unavailable information
in databases from other countries. The majority of
the work put into creating models for estimating
the generation of solid waste is based on the data
that is only available for one country, which makes
it unrepresentative of the elements of Ethiopian
MSW. There is littlecurrent, trustworthy data on the
composition and quantity of solid waste in Ethiopia,
including thestudy location. Because there are so few
solid wastecharacteristic data points, the Yirgalem
town Administration appears to struggle to create
effective site-specific SWM programs and initiatives.
Similar to other Ethiopian towns, Yirgalem rarely



has access to accurate waste statistics about the
rates and types of solid waste that are generated,
the effectiveness of solid waste collection, and the
quantity of recycled and disposed solid waste. Due to
the absence of accurate waste statistics, the rate of
generation of solid waste must be anticipated by using
predictive techniques based onthe limited amount
of available data.When modeling genuine MSW, it
iscritical that you employ the right preparation method.
Therefore, the study aims to identify the quantity and
composition of solid waste, as well as correlate waste
quantity with relevant socioeconomic parameters
of households, and develop a model for forecasting
solid waste generation. The study was carried out in
Yirgalem town, in Ethiopia, using information from the
two seasons’ variations in 2021.

Study site description

This study was carried out in Yirgalemtown,
Sidama Regional State, Ethiopia. It is located at 6244°-
6246° N latitude and 38224" - 38 °26" E longitudes
(Fig. 1). The study area has an elevation of 1600-1960

meter (m). In addition, it is the biggest settlement in
the Daleworeda (Yusuf et al., 2018). It is situated
311 kilometers (km) south of Addis Ababa and 47 km
from Hawassa, the capital of the Southern Nations,
Nationalities, and Peoples’and Sidama regions. The
total population of Yirgalem town is 64,507, of whom
31,737 are male and 32,770 are female (Yusuf et al.,
2018). Yirgalem town has a moderate climate, with
minimum and maximum annual temperatures of 14
°Cand 30 °C, respectively. The study area experienced
bimodal rainfall with peaks in April, June, and August,
with an annual rainfall of 1138-1690 millimeters
(mm) (Yusuf et al., 2018).

Hypotheses

The hypotheses are drawnfrom the study’s goal.
The rates of solid waste generation inhouseholds in
Yirgalem town are constant throughout the wet and
dry seasons;there is no significant difference between
the solid waste generation rate and socioeconomic
income levels; the quantity of solid waste produced
and socioeconomic characteristics do not significantly
correlate with one another.

Ethiopia

m
1,760

River

Em

3 4 E— - Roads

Fig. 1: Geographic location of the study area in Yirgalem town, Sidama Regional State, Ethiopia
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Sampling design and techniques

Solid waste data were collected in a longitudinal
study.Information on MSW was gathered from both
residential and non-residential locations. A stratified
sampling technique was used because of the variety
of sources used to generate MSW. The municipality
was classifiedinto five categories based on the
sources of the production of solid waste; residential,
commercial areas, institutions, healthcare facilities,
and street sweepings (Okey et al., 2013). For each
municipal solid waste source, representative
samples were gathered using a systematic sampling
technique. Household samples were selected based
on income, housing types, and the presence of
fundamental social services, which serve to divide
socioeconomic status into low-, middle-, and high-
income categories (Nyankson et al., 2015). The
residential zones were divided into three housing
types: low-cost landed (low-cost houses), middle-
cost landed (living in flats and medium-cost), and
high-cost landed (living in high-cost homes) (Yahya et
al., 2013). In the study, questionnaires were utilized
to collect data on a variety of topics, including
the personal and socioeconomic background of
the residentials and the overall amount of waste
produced.

Sample size determination

According to waste management recomme-
ndations, a total of thirty household samples were
taken fromeach of the three social-economic groups
(low, middle, and high) for a MSW survey (Yahya et

al., 2013; Mucyo, 2013). A total of 90 household
samples were collected for this study, representing all
socioeconomic levels.A previous study (Yahya et al.,
2013) that looked intothe generation of solid waste
from diverse sources, such as commercial areas,
institutions, healthcare facilities, and street sweeping,
was the basis for the determination of total samples
for non-residential locations. Each waste source
was given five sample recommendations. For this
investigation, 44 samples from commercial areas, 12
samples from institutions, 9 samples from healthcare
facilities, and 7 km of street sweeping were collected
twice during the dry and wet seasons.

Solid waste data collection methods

Depending on the amount and type of material
generated in the area, MSW was measured at each
source using plastic bags with one or more of their
daily waste collections. Data on MSW were collected
over seven consecutive days (Sachi and Mensah,
2020). To determine the weight of the waste for
each solid waste collection location, the collected
waste was weighed first. All samples were manually
classified into eight waste categories (paper and paper
products, plastics, organic (compostable) materials,
glass, metals, textiles, wood, and others) at each
collectionstationas indicated in Table 1 (Osei-Mensah
et al., 2014). To account for seasonal variation, data
on solid waste were gathered in two seasons (dry and
wet). Dry season data were collected from December
2020 to February 2021, and wet season data were
collected from June to August 2021.

Table 1: Waste categories of MSW

Waste categories Waste description

Organic materials

Paper and paper products

All biodegradable materials like food waste, yard trimming, grass including Khat, agricultural crop
residues, manures, and other organic

Office paper, computer paper, magazines, glossy paper, waxed paper, and newsprint

All plastic materials like polyethylene terephthalate (PET) bottles, high-density polyethylene (HDPE),

Plastics film plastic, plastic bag,

Glass All glass materials like windows and mirror glass as well as broken bottles and other containers

Metal The waste originating from Ferrous (Iron, steel, tin cans, and bi-metal cans), aluminum, and non-
ferrous non-aluminum metals

textiles Waste of clothes, carpets, pillows

wood The waste which includes sawn timber, wooden boards, furniture

others Dust, ash, e-wastes, stone
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Solidwaste generation and composition calculations
Solid waste generation rate

Household solid waste generation (HSWG)
kilogram per capita per day (Kg/c/day) was
determined as per the mixed or total waste collected
in a day and the separated fractions using Eq. 1
(Miezahet al., 2015).

ke Total weight of HSW

e | generated within7 days (1)
HSWG day | atotal numberof familiesinthe

household X number of the day

The total amount of household solid waste (HSW)
produced by all houses in a town was calculated using
Eq. 2 (Miezah et al., 2015).

Total HSW| <& | =
day
HSWG X8
Number of population in the town X dic (2)
ay

Composition of solid waste

The total weight of all constituents in the sample was
combined to compute the weight of the entire sample.
The percentage composition of each componentis
calculated using Eq. 3 (Miezahet al., 2015).

Percentage composition waste fraction =

weight of separated waste

. , X100 (3)
the total mixed weight sample

Methods of model development

A solid waste generation forecasting model
was built based on socioeconomic characteristics,
such as household size, monthly income, age of
the household head, gender, job status,marital
status,andeducational level. All these most common
traits have an impact on HSWG rates integrated with
other variables (Popliet al., 2021). Multiple linear
regression was used to develop solid waste generation
models. Multiple linear regression assumptions,
such as linear relationshipsbetween dependent and
independent variables, normality of the tested data,
multicollinearity test, and homoscedasticity, were
evaluated before the data were analyzed (Tabachnicket
al., 2019). Bivariate Pearson correlation coefficient (r)

and a statistical significance test were used to ensure
that the dependent and independent variables had a
linearrelationship. To make sure the data was normal,
a graphic representation of the P-P plot, histograms,
and the Kolmogorov-Smirnov test were also utilized.
Additionally, the multicollinearity of independent
variables was examined using the variance inflation
factor (VIF) to identify multivariate correlations and the
Pearson correlation coefficient (r) to identify bivariate
associations.An illustration of a scatter plot was used
to study the homoscedasticity of the standardized
residual and predictive values.Four fundamental
criteria—the mean absolute error (MAE), the sum of
square error (SSE), standard error of the estimate (SEE),
and coefficient of multiple determination—were used
to select the best-fit model (R?) (Kulisz and Kujawska,
2020). The average absolute error is expressed using
Eq. 4 (Chhay et al., 2018).

1 n
MAE =—) SWG-SWG (4)

Where, SWG and SWGp denote the actual solid
waste generation data and the predicted values,
respectively. where n represents the number of
observations.

The sum of square error can be given using Eq. 5
(Wang et al., 2021).

SSE =" (SWG—SWGp)2 (5)
i=1

The standard error of the estimate can be shown
as Eq. 6 (Wang et al., 2021).

n _ 2
- ZH (SWG - SWGp) )
n—p

Where, pis the number of parameters in the
regression model.

The coefficient of multiple determinations can be
expressed using Eq. 7 (Chhay et al., 2018).

R2 = ZT:I(SWGP_W)Z (7)

> (SWG-SWG)2

Where, SWG is the arithmetic mean of the
observed data.
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Statistical analysis

The association between the amount of waste
produced and socioeconomic factors such as
household size, monthly income, age of the household
head, gender, employment status, marital status, and
educational attainment was assessed using correlation
analysis. One-way analysis of variance (ANOVA) was
used to examine the statistically significant variations
in waste generation rates based on income class, and
the Student’s t-test was used to examine seasonal
change.Version 25.0 of SPSS statistics for Windows
was used to conduct all statistical analyses. The Tukey
test was applied to compare statistical differences
and means.There is a p-value < 0.05 for each analysis
presented in this study.

Solidwaste generation rate

Table 2 displays the average solid waste
generation for the three income levels and two
seasonal variations. Based on a statistical analysis
of variance, it was discovered that there was
a significant difference (p < 0.05) between the
socioeconomic income level and the rate of HSWG. A
multiple comparison analyses of the solid generation
rate (kg/c/day) between low- and middle-income
groups showed a significant difference (p = 0.000).
The rate of solid waste generation between the low
and high socioeconomic income levels also showed
a statistically significant difference (p = 0.000).
Between the middle- and high-income categories,
there was no discernible difference in the rate of
solid waste generation (p = 0.222). According to this
finding, the high- and middle-income socioeconomic
categories generated more solid waste than the low-
income group. This is because the activities of higher-
income families consume more resources than those
of lower-income families. According to Amaya et al.
(2019) households generate more solid waste as
their socioeconomic status improves. This outcome
is consistent with the findings reported by other
researchers (Heriantoet al., 2019). Yirgalemtown’s
mean HSWG rate is 0.39 kg /c/day, with low-income
(0.28), middle-income (0.42), and high-income
groups (0.47). The result of the predicted solid waste
generation rate aids in the development of effective
solid waste management strategies. A similar study
was reported in Addis Ababa, Ethiopia (Tassie et
al., 2019), Shire-Endasilasie, Ethiopia (Zewdu and
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Mohammedbirhan, 2014), Dhanbad, India (Khan et
al., 2016), Ghana cities (Miezah et al., 2015), Thika
Municipality, Kenya (Kinyua and Njogu, 2015), and
Laga Dadi town, Ethiopia (Assefa and Muktar, 2017).
The current solid wastegeneration rate is higher than
elsewhere reported for Bahir Dar city (Asmare, 2019),
Robetown (Erasu et al., 2018), Chiro town (Umer et
al., 2019), and Debre Berhan town, Ethiopia (Abera,
2017). Thisstudy is less than the report made in Jima
town (Getahun et al., 2012) and Sawla town, Ethiopia
(Haile et al., 2020). The result found fromthis study
is within the range of 0.2-0.8 kg/c/day of solid waste
generation for most of Sub-Saharan African countries
(Miezah et al., 2015) and developing countries within
the range of 0.3 to 0.9 kg/c/day (Nadeem and Farhan,
2016). Location, climate, lifestyle, urbanization,
and economic development of cities contribute to
differences in solid waste generation rates. At p<0.05,
there was also significant variation in the solid waste
generation between the wet and dry seasons. The wet
season (0.43) had a higher per capita HSWG rate than
did the dry season (0.35 kg/c/day). This is because the
wet season produces more vegetables, fruits, Khat,
grass, and other resources than the dry season does.
Several studies (Kamran et al., 2015; Mshelia, 2015;
Zia et al., 2017), have found that the rate of solid
waste generation decreases from the wet season to
the dry season. Households generated almost 80%
of the solid waste, followed by commercial areas
(12.13%) and institutions (4.59%). Previous studies
have shown that solid waste generation comes from
a variety of sources, including residential areas (50—
80%), commercial areas (10-30%), street sweeping,
and institutions, all of which have varying proportions
(Sachiand Mensah, 2020), which is consistent with
the results of this study.

Solid waste composition

The majority of organic wastewas generated by
street sweeping (78.79%), followed by institutions
(71.26%), commercial areas (69.98%), and residential
areas (68.91%) as shown in Table 3. Institutions
(22.55%) and commercial areas (5.89%) produced
larger amounts of paper waste. As shown in Fig. 2,
Yirgalemtown generated a high amount of organic
waste (71.28%), followed by miscellaneous waste
(9.77%), paper (6.71%), and plastic waste (6.41%).
The overall results of the present study indicated
that organic (compostable) waste had the highest



Table 2:

Analysis of variance of solid waste generation under the three income levels and seasons

solid waste generation (kg/c/day) f-value p-value

Income level n Mean* SE**

Low income 60 0.28¢ 0.017

Middle-income level 60 0.42° 0.024

High-income Level 60 0.47> 0.023 1877 0.000
Total 180 0.39 0.014

Seasons

Wet 90 0.43° 0.020 10.741 0.001
Dry 90 0.35° 0.018

Total 180 0.39 0.014

*Means with different superscript letters are significantly different at (a< 0.05)

**Standard error

Table 3: Types of solid wastes under different generated sources

Types of solid waste

Sources of solid waste (%)

Residential Commercial Institutions Street sweeping
Organic 68.91 69.98 71.26 78.79
paper 2.15 5.89 22.55 4.84
plastic 5.85 5.57 6.19 7.12
Glass 1.09 1.13 0.00 1.24
Metal 0.59 7.98 0.00 0.00
Textile 5.07 2.01 0.00 1.09
woods 0.21 0.00 0.00 0.00
others 16.14 7.45 0.00 6.92
total 100.00 100.00 100.00 100.00
80
71.28

Plastic

Organic Paper

Glass

Metal Textile Woods Others

Fig. 2: Overallsolid waste composition in Yirgalem town

percentage. Comparable studies were found in Laga
Dadi town, Ethiopia (Assefa and Muktar, 2017),
Guayaquil, Ecuador (Amaya et al., 2020), Homs City,
Syria (Noufal et al.,, 2020), Thu Dau Mot, Vietnam
(Trang et al., 2017), and Sulaimanyah, Iraq (Hamza,
2020). Lower organic waste was found in this study
compared to work done by Umer et al. (2019) for

Chiro town, Ethiopia.

The relation between HSWGrate and socioeconomic
factors

Table 4 shows the relationship between the rate of
HSWG and socioeconomic factors. Household monthly
income (r=0.476, p =0.000), educational level (r=0.327,
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Table 4: Relation between HSWG rate and socioeconomic factors

Socioeconomic factors Pearson correlation (r) P-value
Gender 0.181 0.087
Age -0.053 0.620
Marital status 0.183 0.084
Solid waste generation rate Education level 0.327 0.002
(kg/c/day) household size -0.436 0.000
House ownership -0.058 0.587
Job-status -0.007 0.950
Monthly income 0.606 0.000

p = 0.002), and solid waste generation rate all showed
positive correlations.Solid waste production increases
in direct proportion to household prosperity. This is
due to the different home consumption habits, which is
consistent with a study conducted by Batu et al. (2016).
Severalstudiesobtained a negative correlation between
household monthly income and the solid generation
rate per capita each day (Monavari et al., 2012; Trang
et al., 2017). It means that those with a greater income
generated a lower rate of solid waste production per
capita than lower-income households. There was a
negative relationship between household family size
and the solid waste generation rate (r=-0.436, p =0.000).
In comparison to large families, more people in their
homes live together with shared common resources
and consume more items, resulting in fewer waste
disposals. This study is consistent with reports from
other sources (Ogwueleka, 2013). Numerous studies
have discovered a positivecorrelation between the
size of a household’s family and the rate of solid waste
produced per capita (Noufal et al., 2020). Households
with a large number of people generate more solid
waste than those with small families. The differences
in the outcomes of various studies are related to
differences in economic and cultural standing as well as
techniques. A higher level of education in the household
results in a higher rate of solid waste generation due
to increased household income and work prospects.
Several academics endorse this study (Getahun et al.,
2012). Other socioeconomic factors such as job status,
marital status, home ownership, and gender had no
significant impact on the solid waste generation rate
in this study. Similar studies were carried out by earlier
researchers (Batu et al., 2016).

Model development
The rate of HSWG was not normally distributed
when examined using the Kolmogorov—Smirnov
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method at a significance level of 0.05. To match the
data normality, the logarithm data transformation
approach for the solid waste generation rate (response
variable) was used. For independent variables, Pearson
correlation (r) less than 0.3 and VIF less than 5 revealed
no multicollinearity issues (Ghinea et al., 2016), which
meets the current study as shown in Table 6. Normality
in terms of error was assessed using normal probability
plots and histograms, as shown in Figs. 3 and 4. The
homoscedasticity assumption was further tested using
a graphical depiction of the scatter plot between the
standardized residual and expected response variables,
as illustrated in Fig. 5. Using independent variables such
as household size, educational level, monthly income,
and age of the household head, four types of models
were proposed at a significance level of ANOVA analysis
(Table 5). Because these independent variables had the
greatest impact on the rate of solid waste production at
the study site, which is used in the development model.
Model 4 (Eq. 9) is the best-fit model, followed by Model
3 (Eq. 8), as described below, based on a high R? and low
values of mean absolute error (MAE), the sum of square
error (SSE), and standard error of the estimate (SEE), as
shown in Table 7.

Model 3:
logY =0.600+0.007MI +0.034Edu — 0.152Hs (8)

Model 4:
logY =0.687+0.007MI + 0.031Edu —0.153Hs — 0.026

)

Where, logY is the log-transformed solid waste
generation rate (kg/c/day), Ml is household monthly
income (US dollars), Edu is the educational level of
the household head, and Hs is the household size.
In the final model, variables (monthly income, family
size, educational level, and age) of the household
head explained 72% of the solid waste generation



Table 5: Analysis of variance for solid waste prediction model development

Model Sum of squares df Mean square F Sig.

Regression 1.677 1 1.677 51.167 .0002
1 Residual 2.885 88 .033

Total 4.562 89

Regression 2.970 2 1.485 81.183 .000°
2 Residual 1.592 87 .018

Total 4.562 89

Regression 3.211 3 1.070 68.159 .000¢
3 Residual 1.351 86 .016

Total 4.562 89

Regression 3.281 4 .820 54.445 .000¢
4 Residual 1.281 85 .015

Total 4.562 89

Table 6: Estimated regression coefficient of independent variables

Unstandardized coefficients

Collinearitystatistics

Model t Sig.
B S.E. Tolerance VIF
(Constant) .392 .035 11.227 .000
! Monthly income .006 .001 7.153 .000 1.000 1.000
(Constant) .669 .042 15.916 .000
2 Monthly income .007 .001 10.720 .000 .978 1.023
Household size -.150 .018 -8.407 .000 .978 1.023
(Constant) .600 .043 14.042 .000
Monthly income .007 .001 10.576 .000 940 1.064
3 Household size -.152 .017 -9.226 .000 976 1.024
Educational level .034 .009 3.917 .000 957 1.045
(Constant) .687 .058 11.822 .000
Monthly income .007 .001 11.010 .000 .908 1.101
4 Household size -.153 .016 -9.432 .000 976 1.024
Educational level .031 .009 3.628 .000 .935 1.069
Age -.026 .012 -2.155 .034 953 1.050
Table 7: Selection of best-fitted multiple linear regression model
Model Regression equation R? MAE SSE SEE Sum rank Total rank
1 logY=0.392+0.006MI 0.37(4) 0.140(4) 2.902(4) 1.338(4) 16 4
2 logY =0.669+0.007MI - 0.150HS 0.65(3) 0.107(3) 1.597(3) 1.025(3) 12 3
logY=0.600+0.007MI+0.034 Edu -
3 OESZHS 0.70(2) 0.097(2) 1.366(2) 0.937(2) 8 2
4 logY=0.687+0.007MI+0.031 Edu - 0.72(1) 0.094(1) 1.28(1) 0.908(1) 4 1

0.153HS-0.026Age

rate. This research was similar to that of Lebersorger
and Beigl (2011), who reported an R? of 74.3 percent.
The R? rarely exceeded 50%, except in studies with a
large number of predictors and a small sample size
(Lebersorger and Beigl, 2011), which supports the

current study. When compared to the findings of the
earlier studies (Beitez et al., 2008), the developed
models produced lower solid waste per capita. These
discrepancies have occurred as a result of differences
in the influencing factors of independent variables in
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Regression Standardized Residual
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Table 8: Comparisons of the observed and predicted value of solid waste generation rate

Models Paired differences t df Sig.
95% confidence Interval of the difference
Model No. S.D.* S.E.
Lower Upper
Model 3 12341 .01301 -.01445 .03724 .876 89 .383
Model 4 .12028 .01268 -.02324 .02715 .154 89 .878

*Standard deviation (S.D.)

various locations, nations, cities, and climates. The
multiple regression coefficient determination value
(R? = 0.51) estimated by Beitez et al. (2008), which is
a minor relative measure of fit compared to this study
model (R? = 0.72), was also used to explain variances
in model prediction values. The different independent
variables utilized during the model development
caused this difference in coefficient determination
(R?). This way, the study was conductedto close the
information gaps that the nation and the study area
were encountering.The model established in this study
can be used to estimate solid waste generation rates in
Yirgalem and other similar towns.

Validation of developed models

The residual errors’ behavior, notably their normal
distribution, independence, and homoscedasticity—the
gap between the dependent variable’s observed and
predicted values—determines the validity of the MLR
models (Kumar and Samandder, 2017). To ensure the
validity and correctness of the findings, the values of R?
(a relative measure of fit) and performance indicators
(an absolute measure of fit), such as mean absolute
error (MAE), sum of square error (SSE), and standard
error of the estimate (SEE), were computed (Table 7).
Using a pair-wise t-test of the anticipated and actual
values of a response variable (solid waste generation
rate), the superior model was further validated.In
Models 3 and 4, there was not a statistically significant
difference (p > 0.05) between the dependent variable’s
observed and predicted values. Due to the higher value
of p=0.878, model 4 is more precise and accurate in this
investigation, as shown in Table 8.

The characterization of solid waste is crucial for
long-term sustainable planning and development.
The analysis of the solid waste in Yirgalem town and
its characteristics, along with the Pearson correlation
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results, show the significant impact of socioeconomic
factors on waste generation. The most important
aspect in identifying the best alternatives for solid
waste treatment and investment is the composition
of the waste. Low-income groups generated less solid
waste per capita than high- and middle-class groups.
In contrast to the dry season, the wet season showed
a higher per capita generation rate of household
solid waste. The majority of MSW was generated
by households, followed by commercial areas and
institutions in this study area. The overall results of
the current study revealed that organic (compostable)
waste received the highest percentage of coverage.
The rate of solid waste generation was positively
correlated with the monthly household income and
educational level. While household size and age of the
household headwere negatively associated with the
rate of solid waste generation, theresult indicated that
households with a large number of people generate
more solid waste than those with small families. Other
socioeconomic factors such as job status, marital status,
home ownership, and genderhad no significant impact
on the solid waste generation rate. Four models were
developed using the most influential socioeconomic
factors such as household monthly income, household
size, age, and level of education as predictors and solid
waste generation as a response variable. Based on the
high regression coefficient determination, least mean
absolute error, sum square error, and standard error of
the estimate, the last equation (model 4) was selected
as the best-fit model among these models. The model
developed in this study can be used to estimate solid
waste generation rates in the study area and other towns
of comparable size. Although, the models generated in
this study only consider socioeconomic factors, other
researchers should integrate other environmental
factors to improve model prediction accuracy.Large
amounts of biodegradable (organic) waste present in
municipal solid waste sources can contaminate the



environment and have an impact on human health,
while also having a massive energy recovery capability.
MSW composition should be segregated further into
sub-categories of solid waste, which is crucial for in-
depth analysis. The town administration of Yirgalem
should utilise this organic waste as compost for
urban agriculture and the manufacture of biogas fuel
to decrease the amount of solid waste and energy
consumption. This study can serve as a basis for more
research in the field as it provides a solid foundation for
comparison.
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The rank of Iran in terms of pollutant emissions, which
mainly originate from the consumption of energy products, is much higher than the rank of
gross domestic product, placing Iran the fourth in the production and consumption of gas
and oil, among the cases with the highest emission intensity in the world. Different driving
forces account for the high emission intensity. This study decomposes the changes in the
aggregate emission intensity of the selected pollutants into a broader scope of driving forces
including energy, urbanization, output, labor, and trade-related variables. The examined
pollutants were far beyond carbon dioxide, including nitrogen oxides, sulphur dioxide, and
carbon monoxide, emitted from energy product consumption. The aim of this study was to
investigate the emission intensity of the selected pollutants and their components.

Decomposition analysis was done to decompose the emission intensity into
a broader scope of the driving forces far beyond what examined in the literature. For this
purpose, two well-known artificial neural networks, multilayer perceptron, and wavelet-based
neural network were applied to forecast the emission intensity of the selected pollutants and
their components.

The emission intensity of nitrogen oxides and sulphur dioxide illustrated
a decreasing trend. In contrast, a general increasing trend with significant fluctuation
was observed for carbon monoxide and carbon dioxide emission intensity. Among the
components, energy structure, population-labor ratio, and trade openness showed an
intensity decreasing effect, while urban per capita output, urbanization, energy intensity,
and industrial output-trade ratio contributed to higher emission intensity of the pollutants.
Moreover, the multilayer perceptron and wavelet-based neural networks were recommended
to examine the predictability of the emission intensity and its components.

It was found that intensive and extensive growth and energy structure were
the most significant driving forces of the emission intensity. The forecast results indicated that
the emission intensity of nitrogen oxides, sulphur dioxide, and carbon monoxide might be
predicted by the applied networks with a prediction error of less than 0.2 percent. However,
the prediction error for carbon dioxide emission intensity was much higher.
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Global carbon dioxide (CO,) emissions increased
by 1.9 percent (%) annually over 1990-2016, while
the corresponding figure for production was 3.2%
(World Bank, 2016), indicating a decreasing trend in
CO, emissions intensity. However, regarding the role
of greenhouse gases (GHGs) in climate change
(Naderipour et al., 2020), more efforts are needed to
lower the emission intensity. Emission mitigation has
received more attention after the Paris Agreement in
2015, leading to a reinforcement of developing
countries’ involvement (Rodriguez and Pena-Boquete,
2017). Accordingly, Iran intends to abate its GHGs
emissions to 4% below baseline by 2030, having the
potential of an additional 8% (UNFCCC, 2015).
Globally, about 65% of the GHGs are emitted from
the production and use of energy (Marrero, 2010).
The corresponding figure for Iran is over 80%
(Farajzadeh, 2018). Despite the global attempts to
diminish the energy intensity, it has been increasing
in Iran over decades (Farajzadeh and Nematollahi,
2018). Iran, as the 8" biggest CO, emitter in the world
(World Bank, 2018a), is ranked the 18" in terms of
gross national income (GNI) based on purchasing
power parity (PPP) (World Bank, 2019), indicating its
higher emission intensity compared to the world. The
CO, emission intensity of Iran is around 0.56 kg, which
is more than twice the world’s emission intensity
(World Bank, 2018b). To the best of authors’
knowledge, the increasing intensity of emissions and
their driving forces have not received adequate
attention in Iran. Although the CO, emission is more
important since it plays a central role in global
warming (Boéhringer and Loschel, 2006), other GHGs
such as methane (CH,), and nitrous oxide (N,O),
acidifying substances such as sulphur dioxide (SO,),
and nitrogen oxides (NO ), and health-damaging
pollutants such as carbon monoxide (CO) are also
important (Farajzadeh et al., 2017). These pollutants
are highly important in the Iranian economy, which is
ranked the fourth in the production and consumption
of gas and oil in the world (Farajzadeh, 2018). The
estimated energy-related emissions of CO,, NO, SO,,
and CO in 2018 have been equal to 635.2, 2.05, 0.82,
and 11.75 million tons, respectively (Iran’s Energy
Balance, 2018). Considering the medium damage
costs (World Bank, 2004), around 43.7% of total
damage caused by the selected pollutants are related
toNO,, SO,, and CO, and the remaining share pertains
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to CO,. In other words, in terms of damage cost, other
pollutants are also extremely important. Although
energy intensity is an important factor in emission
intensity, there is a great room for further progress in
examining other driving forces, including output
structure, urbanization, industrialization, and energy
composition (Rodriguez and Pena-Boquete, 2017;
Zhang et al., 2019). The decomposition technique is a
tool that can help in examining the possible variables
affecting the emission intensity. Attempts to examine
the emissions intensity have been increasing over the
last decade. Xu and Ang (2013) believed that a few
studies examined the emission intensity. Accordingly,
Steckel et al. (2011) suggested to decrease the energy
intensity in order to reduce the emissions and
especially carbon intensity in China. A similar result
was also found by Cheng et al. (2014). Rodriguez and
Pena-Boquete (2017) suggested that higher output
stemming from increased labor productivity led to
lower carbon intensity in Asian Dragons countries,
while an increase in industrial energy use per worker
contributed to the reverse direction. Dong et al.
(2018) reported the negative effect of per capita
gross domestic product (GDP) on Chinese carbon
emission intensity. In the same vein, Zhang and Hao
(2020) found a negative relationship between SO,
and chemical oxygen demand (COD) intensities and
per capita GDP in Chinese provinces. Han et al. (2019)
found that 1% increase in GDP resulted in 2.61%
increase in carbon emission intensity in China. GDP
was also found as the main driving force for carbon
intensity among the countries membered in the
Organization for Economic Cooperation and
Development (OECD) (Pan et al., 2019). Although the
economy’s structure is mainly examined using output
composition or industrial output share, as discussed
by Farajzadeh and Nematollahi (2018), urbanization
may also reveal the level of economic development.
Similar to the income effect, both positive and
negative effects have been highlighted for
urbanization. For example, some empirical works
showed that urbanization could lead to negative
environmental consequences (Lean and Smyth, 2010;
Mishra et al., 2009), which is mainly assigned to more
energy-intensive activities (Holtedahl and Joutz,
2004). On the other hand, urbanization may make it
possible to enjoy economies of scale and more
efficient use of energy (Jones, 1991). Dong et al.
(2018) and Han et al. (2019) reported the dampening



effect of urbanization on carbon intensity in China. In
a different view, it was suggested that the impact of
urbanization depended on the level of economic
development (Sadorrsky, 2013). However, as implicitly
declared by Naderipour et al. (2021), urban services
include emissions. As for energy intensity, goods-
producing and industrial activities are expected to
raise energy intensity (Poumanyvong and Kaneko,
2010; Adom, 2015), leading to higher emissions as
well. Dong et al. (2018) showed that more
industrialization of China’s economy might be
accompanied by higher carbon intensity. However,
there is an evidence for energy intensity reduction
(Adom and Kwakwa, 2014) and even emissions-
reducing effects of industrialization (Zhang et al,,
2019). Other components of emission intensity are
emission coefficient factor, employment, and energy
structure (mix). Zhang et al. (2019) reported an
emissions-reducing effect for the emission coefficient
in China. However, Rodriguez and Pena-Boquete
(2017) and Han et al. (2019) found a positive relation
between this variable and carbon intensity in China.
The emission intensity reducing effect of urban
employment was found to be enormously significant
in China (Han et al., 2019). Similarly, Zhang and Hao
(2020) and Long et al. (2015) reported a positive
impact of unemployment on SO, emissions intensity
and carbon emissions in China, respectively. There is
also an evidence for positive impact of energy mix on
carbon intensity (Dogan and Seker, 2016; Dong et al.,
2018). There is a great body of literature indicating
the significant role of trade openness in energy
intensity. The energy intensity reducing effect of
trade openness has been suggested for Nigeria
(Adom, 2015), Chinese provinces (Herrerias et al.,
2013), and emerging economies (Rafiq et al., 2016).
However, Shahbaz et al. (2019) found that for the
United States, trade openness decreased the CO,
emissions, while foreign direct investment (FDI)
adversely affected it. The CO, emission increasing
role of FDI or trade has been reported for the
emerging economies such as Malaysia (Lau et al.,
2014), Tunisia (Shahbaz et al., 2014), Brazil, China,
Egypt, Mexico, Nigeria, and South Africa (Onafwora
et al., 2014). The contribution of the present study to
the current literature is fourfold. First, it extends the
index decomposition analysis using a broader scope
of the driving forces far beyond what examined in the
literature. Second, the decomposition of pollutants is

extended beyond CO, to SO,, NO,, and CO. Third, the
relevance of the applied components as driving forces
in the emissions intensity determination is evaluated.
Fourth, the multilayer perceptron (MLP) and the
wavelet-based neural networks (WNNs) are designed
for all components individually, in which a set of
economic  determinants are applied. The
distinguishing feature of WNNs is that they use a class
of functions named “wavelets”. The objective of the
current study was to examine the components of the
selected pollutants’ emission intensity. Moreover, a
time series covering the period of 1988-2018 was
applied as the required data. This study was carried
outinlranin 2020.

Decomposition method

Decomposition analysis is widely used to identify
the driving forces affecting energy consumption
and environmental deterioration (Ang and Zhang,
2000; Su and Ang, 2012). There are two major
decomposition techniques, i.e., index decomposition
analysis (IDA), and structural decomposition analysis
(SDA). Generally, IDA is easier to be empirically used
compared to SDA (Zhang et al., 2019). IDA approach
enjoys various formulations and applications. These
methods can be divided into Laspeyres and Divisia
families (Ang, 2015; Zhang et al., 2019). The log mean
Divisia index (LMDI) method in the Divisia family,
which is preferred to other methods (Greening et
al., 1997; Ang, 2004), has been broadly used to
decompose CO, emissions for its advantages in
working with the remaining items and zero values
(Ang, 2015). It should be noted that the LMDI
technique has been adopted in this study. Following
the index decomposition method, the emission
intensity of the selected pollutants was expressed
using Eq. 1 (Rodriguez and Pena-Boquete, 2017;
Zhang et al., 2019).

B E, E Y Y
Pr=>%Pf= Lx—Lx —txLx—xP
228225 v E

Where, P* is total amount of kth pollutant
emissions; Pijk is amount of kth pollutant emitted
in production sector i by fuel j§E,~,- is a mount of jth
energy product consumed in production sector i; E,
is total energy products used in production sector i;
Y. is output of sector i; Y is total output; P is total

1
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population'% is kth pollutant ergnission coefficient
of energy product j in sector i; + Is the share of
jth energy product in total energy use of sector i
(energy structure or energy mix including gasoline,
kerosene, fuel oil, gas oil, liquid gas, natural gas, and
electricity);g is energy intensity in sector i (sectoral
energy inten'sity);y’ is the output share of sector i in
total output (economic structure), and% is per capita
output (income).

The emission intensity of pollutant k was
calculated using Eq. 2 (Zhang et al., 2019).

—L —xele
Y

ety

GDP growth can be attributed to the extensive use
of resources and higher productivity. By multiplying
Eg. 2 by L/L, the above-mentioned sources of GDP
growth could be obtained using Eq. 3 (Rodriguez and
Pena-Boquete, 2017).

k P* E.
S B Y E Y Y P L
Y “S“E E Y Y P LY

()

(3)

Where, f is the inverse of employment rate and
§ is the inverse of labor productivity. The former
element shows the extensive use of labor (extensive
growth), and the latter examines the intensive nature
of economic growth. The index decomposition was
extended using urbanization, industrialization, and
trade openness as expressed using Eq. 4 (Li et al.,

2017; Zhang et al., 2019).

k
P[k_P—:zz ¥ Ux£x£x£x£x£x
Y 445E, E Y U P LY
(4)
Y M T
VSVl
M T Y
Where, 7 is the output of sector i — urban
population ratio; 5 is urbanization; - is the
GDP-industrial output ratio or the inverse of

industrialization; % is the industrial output-trade
ratio; and ; is trade openness (economic integration).
Applying the logarithmic mean weighting scheme, the
emissions intensity components could be presented
by Eq. 5 (Ang, 2015; Zhang et al., 2019).
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API* = APE¥ + AEE 4+ AEY 4+ AYU + AUP + APL +

ALY + AYM + AMT + ATY (5)

Emissions intensity changes from the base year
0 to target year t could be decomposed using Eqg. 6
(Ang, 2015).

API* = PIF — PI¥
EY;
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Where  1,=(pP1,-PI,,)/(InPlL,, ~nPI,,) for PI,#PI,
and r,=r1,, when Pl =P,
Artificial neural network model

In this study, two well-known artificial neural
networks (NNs), multilayer perceptron (MLP),
and wavelet-based neural network (WNN) were
employed to forecast the emission intensity and its
components for the selected pollutants. The NNs
include some interconnected computing elements
(neurons) inspired by the biological brain. The feed-
forward type is a topology widely used in the NNs
structure for many applications in engineering and
science, such as forecasting (Fig. 1). The aim of the
learning process is to adjust the weights and biases
in the NNs structure, while an error function in the
output layer is minimized using Eq. 7 (Nematollahi et
al., 2012).

2

_(EIP)k] (7)

E=Y [(EL,),

Where, EI, is the observed (target) data
presented to the NNs as input; £/, is predicted by the
NNs, including the weights and biases; and K denotes
the number of outputs. To adjust the weights, the
back-propagation (BP) as an iterative algorithm was
employed using Eq. 8 (Nematollahi et al., 2012).
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Fig. 1: Structure of the MLP-feedforward network

w, (e 1) = w, () + A, (6) @)

The generalized delta learning rule is usually used
to compute Aw,(k). Details of the structures and
training algorithms of the NNs are presented in Fig.
1 (Rojas, 1996; Nematollahi et al., 2020; Nematollahi
and Mousavi Khaneghah, 2019).

The wavelet-based neural network (WNN)

WNN consists of a class of localized basis
functions, namely wavelets. The useful features of
wavelets are orthonormality, fast implementation,
and locality in time and frequency (Daubechies, 1992;
Mallat, 1989). A multi-resolution framework was
developed by Mallat (1989), in which any function
F(X) e L>(R) could be approximated by wavelets
as the basis functions using Eq. 9 (Nematollahi et al.,
2012).

0

FX= Y 00,0+ Y 3 d,w,,(X) O

= m=—o0 k=—o0

Where, @,, and y, , denote the scaling and
wavelet functions, respectively; and Ay dmk
denote an approximation and detail coefficients,
respectively. These coefficients are determined using

discrete wavelet transform (DWT). Fig. 2 presents
two types of wavelet and their corresponding scaling
functions.

The WNN training

The original time series for training the NNs
initially pass through two filters and are decomposed
into low (approximations) and high-frequency
(details) portions (Fig. 3a and 3b).

One signal could be decomposed into lower
resolution using multiple-level decomposition
(Fig. 3b). Next, the NN was trained with the above-
mentioned coefficients. The NN output, after training,
was used to reconstruct the approximated signal as
compared to the original signal (Fig. 4). To improve
the performance of the NN, the training data were
normalized.

To examine the accuracy of the predicted values,
root mean squared error (RMSE), mean absolute error
(MAE), mean absolute percentage error (MAPE), and
Theil Inequality coefficient were applied.

Data

The time series related to the aggregate emissions
intensity index of the selected pollutants and their
components were applied as the data. The data
related to the intended period (1988-2018) were
obtained from the Central Bank of Iran (2018),
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Fig. 2: Two types of wavelet and their corresponding scaling functions: a) Haar scaling function; b) Haar wavelet function; c) Gaussian scaling
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Table 1: Descriptive statistics of the selected pollutants

El index

ollutants :n\:ciesr:iii Growth of Coefficient of Correlation coefficients
. X intensity (%) variation NO« SO» co CO:
intensity
NOx 3.05 -0.59 0.06 1.00 0.88 -0.15 0.61
SOz 3.24 -4.34 0.31 - 1.00 -0.39 0.23
Cco 16.66 0.86 0.11 - - 1.00 0.03
CO, 765.10 -0.03 0.05 - - - 1.00
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Fig. 5: Correlation coefficients of the components and emission intensity
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the Statistical Center of Iran (2018), and Iran’s Energy
Balance (2018). Subsequently, the data were examined
for the selected pollutants including NO , SO,, CO, and
CO,. In NN models, data of 1988-2016 were applied for
training and the data of the last two years were used
for the forecast evaluation.

Results of emissions intensity

Table 1 presents the descriptive information about
the selected pollutants. The emission intensity of SO,
and NO_ decreased over the study horizon by 4.34%
and 0.59%, respectively. This was mainly due to the
reduction in fuel oil consumption as the main origin of
SO, and NO_emissions. CO, emission intensity did not
show significant changes, while CO emission intensity
increased by 0.86% annually. Gasoline plays a central
role in CO emissions, accounting for around 97%
of emissions (Iran’s Energy Balance, 2018), and the
continuing growth of gasoline consumption resulted
in CO emission growth. In terms of average emission
intensity, CO, is tremendously different from other

pollutants. However, considering the health damage
associated with emissions, the total damage of NO,,
SO, and CO was comparable with that of CO,. Higher
fluctuations in SO, and CO emissions intensity were
mainly due to fuel oil consumption. The dominant
role of gasoline in CO emission was the main reason
for negativity or insignificance of the correlation
between CO coefficient and other pollutants (less than
0.4 in absolute value). Gas oil and gasoline were also
responsible for NO , CO,, and SO, emissions, resulting
in positive and higher correlation coefficients ranging
from 0.23 t0 0.88. It should be mentioned that natural
gas is the main source of CO, emission (Iran’s Energy
Balance, 2018).

The decomposition results of the selected
pollutants are presented in Figs. 6-9. Considering
the large number of components and pollutants
examined, the correlation coefficients of the
components and the emission intensity are presented
in Fig. 5. As explained by Eq. 6, the changes in emission
intensity were decomposed into ten components
as influencing factors. It should be noted that the
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Fig. 6: NO_emission intensity and its components
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changes in each component and emission intensity
are presented in an index format starting from 100
for the base year of 1988. This allowed for observing
the changing trend of the influential factors over the
study horizon.

Although most of the components had a similar
direction of correlation, a higher similarity was
observed between NO_and SO, emissions. This also
applied to CO and CO,. Thus, the results of NO_and
SO, were discussed together. It should be noted that
the common sources of NO, and SO, emissions are
gasoline and gas oil, so that over 56% of NO_and
more than two-thirds of SO, are emitted from these
products. As for CO and CO,, gasoline and natural
gas play a central role in CO and CO, emissions,
respectively. However, in this study, gasoline
and natural gas consumptions were significantly
correlated, resulting in similar behavior of CO and
CO, emissions intensity components (Iran’s Energy
Balance, 2018).
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NO, and SO, emissions intensity components

As shown in Figs. 5 and 6 and 7, there are
marked similarities between the results found for
NO,_ and SO,. Comparison of the results of NO_and
SO, components revealed some points: 1) the total
emissionintensity of NO _and SO, showed a decreasing
trend. However, a steeper trend was observed for
SO, emissions intensity. 2) only two components (i.e.,
emissions coefficient, and GDP-industrial output
ratio) illustrated a different direction of correlation.
Since the emission coefficient reduced the emission
intensity of NO, it was expected to contribute to
higher emission intensity of SO, with a significant
correlation coefficient as high as 0.74. The reverse
order was observed for the GDP-industrial output
ratio. However, the magnitude of the coefficients
for this component was not significant as it was less
than 0.10 in absolute value. 3) the magnitude of
the correlation coefficients related to the remaining
components of SO, was higher than that of the



correlation coefficients related to the components
of NO.. Most of the correlation coefficients for SO,
were over 70% and for NO_were less than 70%.
During the study period, the contribution of energy
products to NO_emissions changed in favor of natural
gas, while the contribution of energy products to SO,
emissions did not experience a significant change.
Considering the decreasing trend of NO_and SO,
emissions intensity, a positive correlation implied
the reducing effect of emission intensity and vice
versa. The components could be classified into three
groups in terms of correlation coefficients. The first
group included the components that were positively
correlated with emission intensity, revealing a
decreasing trend similar to the total emission
intensity. The inverse labor productivity (Labor-GDP
ratio), energy structure, population-labor ratio, and
trade openness could be categorized in this group. The
reductionin emissionintensity due to energy structure
changes probably occurred via a change in energy
consumption toward the products that contained less
NO, and SO, such as liquid gas, kerosene, and even
gasoline. The importance of energy composition was
also pointed out by Rodriguez and Pena-Boquete,
(2017) and Zhang et al. (2019). The second group
included the components that contributed to higher
emission intensity, including urban per capita output,
urbanization, energy intensity, and industrial output-
trade ratio, which revealed negative correlations.
The third group included the emissions coefficient,
and GDP-industrial output ratio that were discussed
above.

Among the emission intensity-increasing
components, urban-related components had the
highest contribution as their correlation coefficients
tended to be around 0.70 for NO,_ and 0.82-0.91 for
SO,. This implicitly meant that while urbanization
was expected to be accompanied by more energy
use, it entailed a higher output, resulting in lower
energy intensity and indicating the economies of
scale as suggested by Sadorrsky, (2013). Another
urban-related variable was urban per capita output
or GDP-urban population ratio, which had the highest
contribution to NO_emission intensity. For SO,, this
variable, with a high correlation coefficient of 0.82,
was ranked after urbanization. Urbanization was
expected to be accompanied by a higher output as
well. Urbanization was correlated with the output
expansion in the services sector, in which the
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activities were more energy and pollution intensive.
The correlation between the services sector output
and urbanization was found to be 0.94 over 1967-
2018 (Central Bank of Iran, 2018). Energy intensity
was the next component inducing higher emission
intensity with correlation coefficients of 0.47
and 0.76 for NO_and SO,, respectively. There is
evidence of emission decreasing effect (Zhang et al.,
2019) expected to dampen the emission intensity.
However, the emission intensity-raising effect of this
component, to a great extent, could be attributed to
the production technology. Farajzadeh et al. (2017)
have also suggested that production processes in
Iran are not highly technology-embodied ones.
Additionally, sanctions might be responsible for
a part of such recession in technology, since Iran
has faced sanctions for many years (Hufbauer et
al., 2012). Energy plays a central role in the Iranian
economy. In the study period, while GDP has been
growing by 4.1% annually, the corresponding value
for energy was obtained as 5.2%. Particularly, the
consumption of natural gas (as a great source of
emissions for NO ) in the industrial and services
sectors has increased by 10.8% and 11.4% annually,
respectively (Iran’s Energy Balance, 2018). Contrary
to the role of energy intensity in raising the emission
intensity, energy structure indicated that changes in
energy mix would have an emission-reducing effect as
already mentioned. The data showed that the energy
composition changed in favor of natural gas and
electricity, while the oil products share (accounting
for most of the NO_emissions in the energy basket)
decreased. Zhang et al. (2019) also pointed out
that emissions fading role of energy mix changed
in favor of natural gas and electricity. Both labor-
related components were positively correlated with
NO, emission intensity with correlation coefficients
of higher than 0.56. In other words, these variables
contributed to lower emissions intensity. Over the
study horizon, population-labor and labor-GDP ratios
would be decreased. In other words, an increase
in employment and labor productivity would be
associated with lower emission intensity. In terms of
correlation coefficients (0.77 and 0.91 for NO, and
SO,, respectively), labor productivity showed a high
contribution to the emission intensity reduction,
which agreed with the findings of Rodriguez and
Pena-Boquete, (2017) for Asian Dragons. In other
words, the intensive use of labor or intensive growth



of output might reduce the emission intensity.
The extensive use of labor could also induce a
reduction in emissions intensity, since it reduced the
population-labor ratio. The extensive use of labor
meant the replacement of labor for energy, leading
to lower energy use and lower pollutant emissions.
The contribution of trade-related components to
emission intensity was not significant for NO, . As for
SO,, the coefficients for trade components were much
lower than other components’ coefficients being less
than 50%. However, trade openness was expected to
lower the emission intensity slightly. In other words, a
higher volume of trade might decrease the emission
intensity. Emission reducing effect of trade could be
assigned to technology transfer, positive spillover
effects, productivity gains, and improved managerial
skills (Shahbaz et al., 2019). The slight effect of trade
openness on emission intensity could be due to the
significant fluctuations in trade mainly caused by
sanctions. It should be noted that due to the Iran-Iraq
war occurred during 1979-1988, the following years
(1989-1991) were characterized by reintroducing
the production capacities, leading to higher
fluctuations in trade-related components. During
the study horizon, the industrial output-trade ratio
was increased, revealing a lower increase in trade
compared to industrial output. The higher values for
this ratio were accompanied by a slight increase in
emission intensity since the correlation coefficient
was only 20%. Accordingly, this could probably show
the emissions intensity role of higher industrial
output, which agreed with the effect of the inverse
industrialization component (industrial output-
GDP ratio) with a positive correlation coefficient. In
the study horizon, industrialization and its inverse
did not show a significant trend and had a slight
effect on emission intensity. The related emission
coefficient was expected to be closely related to the
energy mix or energy structure. For SO,, the emission
coefficient, such as energy structure component,
reduced the emission intensity, while for NO, the
effect of emission coefficient on emission intensity
was increasing. The corresponding coefficients were
-0.45 and 0.74, respectively. During the study period,
electricity use grew much higher than oil products;
this could probably provide an opportunity of having
lower emissions-energy use ratio i.e., lower emission
coefficient. However, for NO , the change in energy
product composition in favor of natural gas, which
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was more emission-embodied, played an emission
intensity-increasing role. Both emissions-reducing
(zhange et al., 2019) and emission-increasing effects
(Rodriguez and Pena-Boquete, 2017; Han et al., 2019)
have been reported for this factor.

CO and CO, emissions intensity components

As shown in Figs. 8 and 9, a general increasing
trend was observed for CO and CO, emission
intensity, with the emission intensity of CO being
slightly stronger. CO emission intensity experienced
significant fluctuations, while it exceeded the base
year value in most of the study period. Therefore,
contrary to NO_and SO, cases, the positive values
for correlation coefficients (Fig. 5) meant an increase
in emission intensity of the components and vice
versa. Similar to the results of NO_and SO,, energy
structure, population-labor ratio, labor-GDP ratio,
inverse industrialization, and trade openness had an
emission intensity-dampening effect, while energy
intensity, urban per capita output, urbanization and
industrial output-trade ratio were expected to raise
emission intensity for both CO and CO,. However,
the contribution of these driving factors, except for
inverse industrialization, was much higher for CO
compared to CO,, since the correlation coefficients
for most of the components of CO were higher than
0.3 in absolute values compared to those of CO,
which were less than 0.3. This could be due to the
fact that CO was mainly emitted from gasoline, while
natural gas played a central role in CO, emission and
gasoline had a slight effect on CO, emission (Iran’s
Energy Balance, 2018). This difference in emission
contribution could be attributed to the fact that the
increase in these factors more significantly raised
the consumption of gasoline rather than natural gas.
Most of these variables were closely connected with
urbanization and their expansion resulted in higher
urban services which had been heavily dependent
on gasoline consumption. However, Dong et al.
(2018) and Han et al. (2019) found that urbanization
might result in lower carbon intensity. The emission
coefficient also contributed to emission intensity, as
seen for NO,. Considering the discussion presented
for NO,_ and SO,, the distinguishing aspects for CO
were highlighted. The range of fluctuation for the
components of CO emissions was broader than that
of fluctuations for NO _and SO, (ranging from 100.2
to 113.2 respectively), while the corresponding



ranges for NO_and SO, were 100-102.9 and 99.8-
104.2, respectively. In terms of absolute values of
correlation coefficients, the values obtained for CO
for most components were much lower than those
of SO,. Comparison of these values with the values
of NO_was not straightforward. Although the urban-
related components had a more significant role in
emission intensity of NO_and SO, their role in CO
emission intensity, with correlation coefficients of
around 0.3-0.4, was moderate compared to the other
components. Despite the significant role of energy
intensity in NO_and SO, emissions, its contribution
to the emission intensity of CO was slight (0.32). This
might be due to the difference in the energy products
emitting pollutants. Gas oil plays an essential role
in NO, and SO, emissions, while around 97% of CO
is emitted from gasoline (Iran’s Energy Balance,
2018). CO, emission intensity illustrated a strong
fluctuation and an insignificant increasing trend. The
components with an increasing (decreasing) trend
revealed a positive (negative) correlation with the
CO, emissions intensity. Due to the considerable
fluctuations in emission intensity, the correlation
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coefficients between the CO, components and the
total emission intensity were lower as compared
to the other pollutants. The coefficients were less
than 0.11 for four components including energy
structure, urban per capita output, urbanization, and
population-labor ratio. The corresponding values for
other components were lower than 0.34.

Inverse industrialization or GDP-industrial output
ratio showed an emission intensity-dampening
contribution. As expected, higher GDP-industrial
output ratio was associated with lower emission
intensity, since the higher ratio was equivalent
to higher GDP and resulted in lower emission
intensity. The higher ratio could be interpreted
as lower industrialization as well. In other words,
industrialization might result in more emission
intensity. In 2018, around two-thirds of CO, was
emitted from natural gas. During the study horizon,
the natural gas consumption in industrial production
increased by 10.8% annually, while the corresponding
value for the output was 4.1% (Iran’s Energy Balance,
2018), resulting in higher emission intensity. The
higher employment and output as well as the
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Fig. 10: Decomposition of NO,_ time series with ‘sym2’ wavelet at level 3
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stabilized prices addressed by the subsidized energy
product consumption have led to energy-dependent
industrialization (Farajzadeh, 2018).

An increase in the trade may also lead to lower
emission intensity. Greater trade would raise the
openness component and decrease the industrial
GDP-trade component. Given the correlations
(Fig. 5), the increase in trade seemed to induce a
reduction in emissions intensity. The corresponding
value was around -0.34. Rafig et al. (2016) found
that trade openness could reduce CO, emissions
and energy intensity in emerging economies. More
exposure to the global interactions may provide
opportunities to enjoy modern and clean technology.
This channel of trade effect on emission has been
specified by Shahbaz et al. (2019) as well. Labor
productivity component resulted in higher emission
intensity of CO,. Inverse labor productivity showed
an intensity-increasing role. In other words, the
intensive growth, as suggested by Berndt (1990),
can increase the emission intensity since they may
substitute away from labor toward energy. However,
like other pollutants, the extensive growth via greater
use of labor was expected to decrease the emission
intensity slightly. Apparently, the extensive use of
labor was accompanied by lower use of energy
products, revealing a substitution relationship for
labor-energy. Emissions coefficient (+0.27) and energy
intensity (+0.32) were also positively correlated with
the emission intensity of CO,. The dominant role
of natural gas in CO, emission was the reason for
failure of the energy structure (mix) in affecting the
emission intensity. Considering the energy structure,
a reduction in emission intensity of CO meant that
gasoline was replaced with other energy products,
since CO was dominantly emitted by gasoline. It
should be noted that over the study period, the
composition of energy products changed in favor of
natural gas, which was more CO,-embodied, leading
to higher emission factors.

Forecast results

The related data for the emission intensity and
its components were divided into training (1980 to
2106) and forecast evaluation (test) subset (2017 and
2018). An architecture with two layers was employed
to train the NNs. The Levenberg-Marquardt algorithm
and sigmoid function were used as learning algorithm
and transfer function, respectively. The ‘sym2’
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wavelet was employed in the WNN training for NO ,
SO,, and CO prediction, while the ‘db2’" wavelet was
applied for CO, prediction, from which the results
were obtained in the third resolution. Furthermore,
to prepare the data (total case) to feed the NNs, the
DWT method was applied in order to decompose the
values into approximations and detail components.
Fig. 10 illustrates the approximation and detail
coefficients. The coefficients extracted using the
DWT method were applied as the data for training
the WNN.

The results of training and test forecasting of
the components and total emission intensity are
presented in Table 2. The forecast results were
discussed for each pollutant separately. The total
(aggregate) emission intensity of each pollutant was
forecasted using three methods: the MLP NN model,
WNN model, and aggregation of the components.
These results are presented in the last three columns
of Table 2.

NO

XThe results of NO_forecast are presented in
Table 2. Regarding the accuracy of the forecasts, in
the training period, there were slight differences
between the components since the RMSE values
remained lower than 0.03, except for the trade-
related variables (Table 2). MAPE also showed a
highly accurate forecast with forecast errors as low as
less than 0.1% over the training period. Notably, the
prediction error of the training period was slight even
for some components including the GDP-industrial
output ratio. The significant fluctuations indicated the
strong ability of the designed networks to perform
predictions over the training horizon. The predictions
for the test period also showed a high accuracy;
however, the trade-related variables and labor-GDP
ratio showed a higher prediction error compared to
the other components. In the test period, for most of
the components, the prediction error of the last year
accounted for most of the test period error, since
dramatic changes occurred in the actual values of the
last year. Considering the MLP network, during the
training period, the total (emission intensity) index
showed the highest forecast accuracy. The prediction
error presented by the total emission intensity over
the test period was much higher than the prediction
error in most of the components. This indicated that
the decomposition of the total emission intensity to



its components could provide a better opportunity for
forecasting the emission intensity more accurately.
The WNN was also used for the total emissions
intensity index. As presented in the last column of
Table 2, the WNN prediction error was lower than
the prediction error of the MLP NN. It was also found
that predicting the total emission intensity based
on the predicted values of the components led to a
higher prediction error compared to the predicted
values of the WNN. However, considering the low
prediction error of less than 0.1%, predicting NO,
emission intensity using the component values was
also acceptable.

SO

2Most of the results obtained from NO_could be
applied to the SO, components as well. However, the
prediction errors for trade-related variables were
higher than those observed for NO_over the test
period (Table 2). Considering the test period, there
was a significant difference among the components
in terms of prediction error. Trade-related, emission
coefficient, and labor-GDP ratio components
illustrated a higher prediction error. In the test period,
the trade-related variables showed higher prediction
errors like those observed for NO , whereas the total
index showed a lower prediction error, indicating
more accurate predictions for other components of
SO,. For most of the components and the total index,
the prediction error was observed in the form of an
overestimation of the actual values. Similar to NO,,
the low prediction error might allow for predicting the
total emission intensity using the values forecasted
for the components, since the highest error did not
exceed 0.4%.

co

Table 2 presents the forecast results for CO
emission intensity and its components. For CO, also
trade variables played an important role in forecast
error. The corresponding errors were higher than
those obtained for NO _and SO,, reaching over 1.3%
for the test period. However, the prediction error
for other components were similar to those of NO_
and SO,. Interestingly, even for highly fluctuating
components like the GDP-industrial output ratio,
the forecasts were presented with high accuracy,
indicating the well-designed structure of the
networks. While most of the components showed a
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fluctuating trend (Fig. 8), the forecast accuracy was
high for both training and testing periods. It was
also found that the second year of the testing period
accounted for most of the prediction error. Similar
to NO_and SO,, the forecasts for the prediction
period for the components with lower fluctuations
were significantly accurate, indicating that precise
forecasts for these components were achievable. The
forecast for total emissions intensity based on the
predicted components had a high prediction error
like NO, and SO,

co

ZAs shown in Fig. 9, the CO, emission intensity
components showed a fluctuating trend, which made
it difficult to design a network with lower prediction
error. In terms of forecasting accuracy, CO, was
different. The prediction errors for other selected
pollutants were less than 1.5%, whereas the prediction
errors of the test period for 7 components out of 10
were around 10% or higher and around 18% for total
emission intensity in MLP network. However, the
prediction error over the training period for most of
the components was less than 2%. As shown in Fig. 9,
there were fluctuations, even for the most years of the
training period and for most components, leading to
higher prediction errors for the test period. Contrary
to the other pollutants, the prediction error for some
components of CO, was significantly high for the test
period. These components were emission coefficient,
energy intensity, population-labor ratio, labor-GDP
ratio (inverse labor productivity), and GDP-industrial
output ratio (inverse industrialization). Among them,
emission coefficient and population-labor ratio were
forecasted with an extremely high accuracy over the
training period, but they showed a high prediction
error over the test period. For other components
with a higher prediction error, the actual value of the
last period seemed to be the strongest fluctuating
value over the whole study period. In particular, the
comparison of the prediction errors for training and
test periods showed that the test period (especially the
last year) experienced significant changes. However,
even with the current strongly fluctuating test
period, prediction errors were acceptable, indicating
that the applied networks were well-designed
networks. Compared to the MLP NN, the considerable
contribution of the WNN was evident as it dampened
the prediction error from 18% to 12.2%.



Contrary to the current literature that focuses
on CO, emission, this study examined the emission
intensity trend and the driving forces for more
pollutants, including NO , SO, and CO. In terms of the
driving forces, to some extent, the emission intensity
of CO, was found to be different from others. Based
on the results, the components such as energy and
urban-related variables were mostly involved in
forming the trend of emission intensity, while labor,
GDP, and trade-related variables, which were mainly
and directly affected by the economic variables,
accounted for most of the fluctuations in the emission
intensity of pollutants. Energy intensity was a driving
factor for higher emission intensity, which in turn
was affected by a highly subsidizing energy system. It
could be claimed that the low price of energy has been
resulted in substitution of energy for other production
inputs or energy-based industrialization, and higher
emission intensity. Thus, removing energy subsidies
was recommended from the viewpoint of approaching
a less polluted environment. Contrary to the energy
intensity, the emission intensity-dampening effect of
energy structure occurred through changes in energy
product composition indicated a strong chance of
achieving a less polluted environment. The results
showed that many other factors, such as population,
urbanization, and energy-intensive industrialization,
could influence the emission intensity. Moreover, both
intensive (except for CO,) and extensive sources of
economic growth could reduce the emission intensity
of pollutants. This implied that substitution relation
might be restricted at some levels, needing to focus on
energy use efficiency measures. It was also found that
well-organized networks could predict the emission
intensity and its components with a high accuracy. The
higher prediction error of CO, compared to the other
pollutants could be attributed to structural changes
and significant shocks over the test period. As far as
the relevance of the designed NNs was considered, the
study horizon included some of the strong fluctuations
in the Iranian economy including the Iran-lraq war and
sanctions. Thus, the high accuracy of the forecasts
should be considered meantime the strong fluctuations
induced by these shocks. It should be noted that the
decomposition technique can be used as a tool for a
broader extension of the influencing factors far beyond
what considered in the present study.
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The increasing population and anthropogenic activities in
coastal areas affects the presence of mercury in coastal waters. Therefore, this study aims to
1) assess the ecological and human health risk of mercury contamination in coastal water; 2)
analyze the effectiveness of polymer sulfur as an absorbent for mercury.

A total of fifteen water samples were obtained from the coastal areas of
Makassar and were analyzed using cold vapor atomic absorption spectrophotometry.
Ecological and human health risks were assessed using established assessment methods by
the United States Environmental Protection Agency. The uncertainty and sensitivity tests for
independent variables in human health risk were assessed by the Monte Carlo Simulation
method. Furthermore, polymer sulfur was used as a promising technique for capturing and
reducing the level of mercury in the water column.

The results showed that the mean concentration of mercury was very high
and exceeded the values established by the World Health Organization, United States of
Environmental Protection Agency, and Indonesian National Standards, indicating elevated
risks to the ecosystem and human health in the future. Additionally, the Monte Carlo
simulation model revealed that the non-carcinogenic risk caused by mercury exposure in
adults and children was greater than 1 (Total Hazard Index>1), indicating the health adverse
effects for both receptors. From the simulation results, the concentration of mercury at 23.3
percent and exposure time of 21.3 % were the most influential and dominant factors in non-
cancer risk for adults and children, respectively. Therefore, mercury concentration needs
to be reduced in coastal areas. The application of polymer sulfur is effective for reducing
mercury concentration in water with a percentage reduction range of 39 — 100 percent and
p-value of 0.001.

Mercury contamination of coastal water in Makassar city poses ecological and
health risks. The application of polymer sulfur is an effective way for reducing mercury in the
water column.
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Mercury (Hg) pollution has become a serious
threat to the marine environment, especially those
adjacent to industrial zones and high urbanization
due to its toxicity, accumulation, persistence,
and non-biodegradable nature (Basri et al., 2020;
Fioramonti et al., 2022; Rauf et al., 2020; Aravind et
al.,, 2016; Tariq et al., 2015). Naturally, weathering
and heavy metal pollution affect the composition
of coastal sediments which are related to seawater
quality (Armstrong-Altrin et al., 2021; Astuti et al.,
2021a). In Jiangsu coastal region, China, the industrial
activities from photovoltaic electronics, mechanical
metallurgy, printing, and dyeing industries lead to
increased levels and accumulation of Hg (Zhao et
al., 2018). Hg enters the marine environment mainly
from atmospheric deposition, reduces to Elemental
mercury (Hg°), and is then released back into the
atmosphere, or taken up from the water column
by particulate matter and eventually buried in sea
sediments (Lamborg et al., 2014; Zaferani and Biester,
2021). In the coastal areas, pollutants are released
from various sources including the spill of oil from
shipping activities, land reclamation, industrial runoff,
and solid waste accumulation by human. Among
the various chemical forms of Hg, Methylmercury
(Me-Hg) is known to be highly neurotoxic and has
been identified as the cause of Minamata disease
(Sakamoto et al., 2018). The disease stemmed from
methylmercury poisoning due to the consumption
of aquatic edible biota such as fish and shellfish
contaminated by methylmercury in Minamata bay,
Japan (Harada, 1995). It was first discovered in 1956,
where the people injured by methylmercury exposure
had several symptoms including auditory, motoric,
and sensoric disturbances, as well as dysarthria,
ataxia, tremor, and visual constriction (Harada, 1995).
Furthermore, Hg exposure can attack neurological
systems. Its pollution recorded at the Kao Bay has
exceeded the maximum exposure limit thereby
causing a high potential health risk for humans
(Amgam et al., 2020). Skin contact with Hg from
acute and repeated exposure in humans also causes
pruritic skin rashes, allergies, reddening, and peeling
skin on the palms of the hands, and erythematous
soles of the feet (Rauf et al., 2020). The initial effect
of Hg exposure is characterized by fever fatigue, chills,
fever, and elevated leukocyte count. For acute and
chronic exposure, several studies reported increased
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tremors, muscle fasciculations, myoclonus, or muscle
pain (ATSDR, 1999). Meanwhile, South Sulawesi as
the largest national marine products producer has
been contaminated by pollutants released from land-
based sources through rivers and land runoff over
several years due to urbanization and industrialization
activities (Lestari et al.,, 2021; Yap and Al-Mutairi,
2022). This condition influences the potential
damage to marine ecosystems, a decline in tourism,
and affects the quality of the food chain, especially
seafood consumed by the community (Li et al., 2013).
Moreover, exposure to Hg, even in small amounts, can
cause serious health problems. Previous assessments
have found elevated mercury in samples of hair,
blood, and urine in residents. Fetuses and infants are
highly susceptible to mercury exposure, and this is
associated with neurological effects (Gonzalez et al.,
2019; Ashe, 2012). Several studies on the impact of
heavy metals have been carried out in the coastal
areas of Sulawesi. However, the contamination of Hg
in the coastal environment has not been examined.
Industrial runoff and land change have a potentially
great contribution to the release of Hg metal into
the aquatic environment in the Makassar coastal
area. This implies that Hg removal from seawater
is urgently needed to prevent adverse effects and
protect the ecosystem. Efforts to apply simple
remediation and economical materials are a major
consideration, especially for the low-middle income
region. Polymer sulphur is one of the candidate
mercury adsorbents for water ecosystems. This
absorption method is very easy to use, convenient,
cost-effective, has high competence, low-cost, and
is environmentally friendly (Azman et al, 2020).
Elemental sulphur can adsorb and stabilize mercury
(Azman et al., 2020). Additionally, it can easily be
fused into the backbone of polymers and this mixture
has a large surface area with a porous structure (Xu
et al.,, 2017). Based on several experimental studies,
polymer sulphur can adsorb mercury effectively
(Azman et al., 2020; Chowdhury et al., 2021; Mann
et al.,, 2021; Xu et al., 2017). These previous studies
focused on the experimental aspects in laboratory
settings. Consequently, this study was conducted in
the actual coastal water of Makassar city. To obtain
a high level of accuracy, the Monte-Carlo simulation
(MCS) model was also applied to determine the
predictive value of non-cancer risk and the most
influential health factor through sensitivity analysis.



Previous results in health risk assessment relied on
the input variables without assessing the level of
correlation and contribution of each assumption.
Therefore, this study used the probabilistic risk
assessment which is more developed and highly
accurate than the regular assessment. The Monte
Carlo model was used to investigate the distribution
of a selected variable by simulating random numbers.
The specific contribution of health risk due to
mercury exposure can be analyzed for further policy
making. Furthermore, enhanced simulation reliability
can improve the information contributing to the
cost-effective approach in the prevention of further
damage caused by water pollution (Puno et al., 2022).
The results are expected to form the basis of large-
scale reductions in Hg levels in this area. The aims
of the present study is to investigate the ecological
damage and health risk assessment of Hg pollution
from estuarine water of Makassar coastal area, South
Sulawesi Province, Indonesia in 2022.

Study area descriptions

Makassar city is one of the coastal areas in
the South Sulawesi Province, Indonesia located at
119°18”27,97” — 119°32”31,03” east longitude and
5°30”18” — 5°14”49” south latitude. Its climate is
tropical with a distinct wet and dry season, where
the wet season start from November to May, while
the dry season commences from June to October.
Furthermore, high humidity and an average
temperature of 27.8 °C occur in the dry season. There
is only a slight temperature variation throughout
the year, ranging from 24°C and 32°C for minimum
and maximum respectively. The areas of the city lie
along the three rivers namely the Jeneberang, Tallo,
and Maros. The city has experienced significant
environmental degradation caused by uncontrolled
land use and the geomorphological condition of
the coastal area (Suleman et al., 2018). The several
areas that have experienced degradation include
Akarena, Tanjung Bayang, Tanjung Bunga, and Losari
beach. Consequently, these areas tend to have high
porosity and are affected by abrasion (Suleman et al.,
2018). The coastal area of Makassar is the final site of
pollutants carried by the water from the Jeneberang
watershed and Tallo river. This area is also surrounded
by wvarious anthropogenic activities including
industry, domestic, hotel, hospital, harbor, and

shopping centers. These conditions might influence
the accumulation of heavy metals such as Hg in the
coastal area. The existence of traders who process
and sell gold also contributes to the accumulation of
Hg pollution in this area (Ishak, 2017).

Sampling method

The grab water samples were obtained from 15
sampling sites in the Makassar coastal area. This
sample site included in this study was selected
using the purposive sampling method based on the
potential sources or effluent flow of water to the
coastal water ecosystems as presented in Fig. 1.
The sampling was performed by a water sampler in
30 — 50 Centimeter (cm) depth of water. All samples
were placed in a 1 liter (L) pre-sterilized High-density
polyethylene (HDPE) bottle, then acidified using nitric
acid (HNO,) to examine the potential of hydrogen
(pH) to minimize precipitation and adsorption on
the wall of containers. Next, a bottle of the sample
was placed in the box with ice cubes to avoid Hg
evaporation. A global positioning system (GPS) was
used to determine the geographic coordinates of
each sampling site. All samples were transported to
the chemical laboratory in Makassar to determine Hg
concentration after the water collection.

Total Hg concentration analysis

Total mercury concentration (THg) was
determined by Cold vapor atomic absorption
spectrophotometry (CV-AAS) with wavelength 253.7
nanometer (nm) following Indonesia’s standard for
Hg analysis in water samples namely Indonesian
National Standard (INS) 6989.78.2011. About 100
milliliters (mL) of the diluted sample was placed in
a 250 mL erlenmeyer glass. Next, 5 mL of sulphuric
acid (H,S0O,) and 2.5mL of nitric acid (HNO,) were
added to the water sample and homogenized. About
15 mL of Potassium permanganate (KMnO,) solution
was also added and left for 15 minutes until the
solution changed to purple. The solution was further
added with 8 mL of Potassium persulfate (K,S,0,),
homogenized, and heated for two hours at 95°C in
a water bath. Afterward, the solution was cooled to
room temperature and added with 5 mL of Tin(ll)
chloride (SnCl,). The samples were then analyzed in
Cold vapor atomic absorption spectrophotometry
(CVAAS): Shimadzu AA-7000 with mercury analyzer.
To ensure procedure validity, Certified Reference
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Mercury contamination in the coastal area
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Fig. 1: Geographic location of the study area in estuarine water of Makassar coastal area, South Sulawesi Province, Indonesia

Material (CRM) from National Institute Standards
and Technology (NIST) 1646a sediment estuarine
was included in the analysis procedure. Moreover,
sample blanks and three replications were analyzed
attentively. The percent (%) recovery achieved was >
90% with linear curves R? of 0.95.

Ecological risk estimation
The ecological risk was estimated using Eq. 1
(Mallongi et al., 2020a).

C
~ Eco screening benchmark

HQ He (1)

Where, Hazard quotient (HQ) is the hazard
quotient (no unit); Hg concentration (C, ) is in water
(mg/L); Eco screening benchmark for Hg is 0.0011
milligram per liter (mg/L) (USEPA, 1996; Mallongi
et.al., 2020b). HQ >1 indicates that there are adverse
ecological consequences that might occur with Hg
contamination in the coastal water.

Human health risks estimation
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The United States Environmental Protection
Agency (USEPA) method was used to estimate the
human health risk caused by Hg exposure during
recreational activities such as swimming, bathing,
and fishing in the coastal area of Makassar city. The
equations for human health risk are depicted in Egs.
2,3 and 4 (USEPA, 2015; USEPA, 2016; USEPA, 20213;
USEPA, 2021b; Astuti et al., 2022).

Cy xR, —wxEF, xED  xEV,  xET,

TH . = rec ( 2)
Qussin BW x AT xRfD,
C,, xSAxK xET xEVxEF, xED, xCF
THi _ Hg p rec rec rec w 3
Quema BW x ATxRfD, 3
THI= THQingestion + THQdermal (4)

Where, THQ is the target hazard quotient for
ingestion (THQingesﬁon) and dermal contact (THQ__ ) of
Hg in water, total hazard index (THI); Hg concentration
in water (CHg) is the level of Hg; Ingestion rate of water

during recreation activity (IR__) is 0.12 L/hour for

rec-w



children and 0.11 for adults L/hour (USEPA, 2015;
USEPA, 2021c); Exposure frequency during recreation
(EF ) is 135 days/year; Duration for recreational
exposure (ED_ ) is 26 years for adults and 6 years for
children (USEPA, 2021c); Event of recreation (EV_ ) is
the amount event of recreation (1 event/day) (USEPA,
2021c); Exposure time during recreation (ET ) is
recreator time 0.54 hours/event for children and 0.71
hours/event for adults (USEPA, 2021c); human body
weight (BW) is 70 kg for adults and 15 Kg for children
(USEPA, 2021c); Exposure averaging time (AT) is ED
x 365 = days; Skin exposed area (SA) is 19652 cm?
for adults and 6365 cm? for children (USEPA, 2015);
dermal permeability constant (Kp) is 0.001 cm/hour
(USEPA, 2016; USEPA, 2021a); volumetric conversion
for water (CF ) is 0.001 L/cm?® (USEPA, 1991; USEPA,
2004); Oral reference dose (RfD ) for Hg is 0.0003 mg/
kg/day (RAIS, 2020); Dermal reference dose (RfD,) for
Hg is 0.000021 (RAIS, 2020).

Monte Carlo simulation

The Monte Carlo simulation (MCS) is a
mathematical approach that is applied to calculate
risks (Mallongi et al., 2022b; Rauf et al., 2021a). In
the past, health risks due to chemical exposure are
determined only by conventional data which usually
culminate in a single point of risk. Through the use
of MCS, the calculation of uncertainty associated
with the estimated risk is identified as a probability
distribution to predict risk or exposure. It involves
large random numbers from some specified
theoretical probability distribution and can find the
most sensitive variables contributing to the health
risk (Millard, 1998). This simulation is operated by
ORACLE inc software, United States of America (USA)
(Crystal ball version 11.1.2) in Microsoft Excel 2019.
MCS simulation is used to estimate uncertainty
and health risk parameter’s sensitivity with 10,000
replication. After THI calculation, independent health
risk variables such as exposure time (ET), exposure
frequency (EF), body weight (BW), ingestion rate
from recreational activities (IR Rec-w), concentration
(C), and exposed skin surface area (SA) were included
in the simulation. The cumulative distribution is
expressed in the 5% percentile and 95" percentile,
THI or THQ < 1 is the safe limit for Hg exposure.
Additionally, the sensitivity test was performed to
determine the most influential factor in THI value to
develop efficient risk management for the population.

Hg removal from water

The porous polymer version of the Hg absorber
was fabricated and prepared by mixing and
synthesizing this polymer model with sodium chloride.
This process produced a rubber sorbent capable of
capturing Hg species such as liquid, vapor, inorganic,
and highly toxic alkyl compounds to capture the Total
mercury concentration (THg) in the water along the
coast area of Makassar. Application of polymer bag
was carried out for 10 weeks, then, the samples were
found to have no more than 1 milligram per kilogram
(mg/kg) mercury. A characteristic methoxy ethyl
mercuric chloride (MEMC) red color was observed
from the top of the bag up to 10 cm where MEMC
was applied and also for the polymer bag installed in
the drain hole. After 7 and 10 weeks, all samples up
to a depth of 36 centimeters (cm) contained between
0.03-0.04 mg/kg of mercury, while after 10 and 15
weeks, no more than 1 mg/kg was detected in the
polymer.

Statistical analysis

A non-parametric test namely Wilcoxon was
conducted using Statistical Package for the Social
Sciences (SPSS) software version 22 (IBM inc) to
determine the efficiency of Hg removal using co-
polymerization of sulfur and cooking oil in the
sampling site, and the probability value (p-value)
of <0.05 was considered significant. Moreover,
descriptive statistics such as mean, standard deviation
(SD), and range were calculated in SPSS software.

Hg concentration in water

The Hg concentration as shown in Table 1
is higher compared to the value obtained by
(Mallongi, 2014). This shows that the accumulation
in Makassar coastal area will become more
worrisome over time without any controlling
action. Previous studies in Europe, South America,
and Asia region are shown in Table 1. The mean
of Hg concentration in this study exceeded the
acceptable limit of the World Health Organization
(WHO), United States Environmental Protection
Agency (USEPA), and Canadian and Indonesian
standards. This implies the possibility of high
ecological risk, contaminated seafood, and
bioaccumulation of Hg in the aquatic ecosystem
(Fioramonti et al., 2022; Yap and Al-Mutairi, 2022).
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Table 1: Comparison of Hg concentration in the study area with water quality standards and previous results from other countries

Organization/ Countries Hg concentration (mg/L) Reference

Makassar coastal water 0.205 + 0.41 This study

Indonesia standard 0.002 Peraturan Pemerintah, 2021
WHO standard 0.006 WHO, 2017

USEPA standard 0.002 USEPA, 2009

Canada standard 0.001 Government of Canada, 1979
Background concentration 0.000015 Kowalski et al., 2007

Slovenia 0.0002 + 0.0015 Bratkic¢ et al., 2018
Argentina 0.2700 La Colla et al., 2019
Saudi Arabia 0.3000 Youssef et al., 2016
China 0.023 Liu et al., 2022
China 0.025 Zhao et al., 2018
Ecological risk assessment ecological risks (Mao et al., 2020; Masni et al, 2016).
Based on the calculation of ecological risk Based on previous studies, Hg not only contaminates

assessment in Table 2, the contamination of Hg in
the coastal area of Makassar city can induce adverse
impacts on the marine aquatic ecosystem (HQ > 1).
This result is in line with Zhang et al. (2017) which
mentioned that Hg contamination in water (HQ >1)
has potentially harmful effects on the health and
ecosystem of marine organisms such as invertebrates
and phytoplankton. The highest value of HQ was
located in sampling sites 9, 14, and 15 which are
near the ship harbor. This result is in accordance with
previous reports (Zhang et al., 2012; Ndungu et al.,
2017). Areas near the ship harbor are polluted by
various pollutants such as Hg from coal combustions or
residual fuel oil, ballast water, petroleum hydrocarbon
oil, organic pollutant, oil spill, and dredging (Zhang et
al., 2012; Ndungu et al., 2017; Tang et al., 2018; Wang
et al., 2019; Kakar et al., 2021). Furthermore, Kakar
et al (2021) found that naval and non-naval vessels
contained 44 and 75 Kilogram (Kg) of Hg, respectively,
per million Gross tonnage (GT). Heavy metals and
other organic pollutants from various anthropogenic
activities such as urban artisanal gold mining (UAGM),
gas station, domestic waste, shipbuilding yard, as
well as industrial and hospital waste accumulate in
the coastal area (Mallongi 2014; Abbas et al., 2017;
Abbas et al., 2020; Mallongi et al., 2023; Mallongi
et al., 2020b; Astuti and Mallongi 2020; Astuti et al.,
2021b; Mallongi et al. 2022a; Rauf et al., 2021b; Rauf
et al., 2022). The canals or rivers are the main input
of pollutants in this area. Lack of proper wastewater
treatment and low environmental law enforcement
influence the high accumulation of heavy metals
including Hg in the coastal area of Makassar city. A
higher concentration of Hg is associated with elevated
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the water but also the sediment and marine aquatic
biotas while a high ecological risk was detected in
Losari beach (Ishak et al. 2014; Ishak 2017). The result
obtained in this study is higher than the level of total
Hg concentration in Poland and Taiwan. In Poznan,
the total Hg concentration in the surface water was
0.00002 mg/L (Kowalski et al., 2007), while the value
obtained in Northern Taiwan was approximately
0.00005 mg/L (Fang and Lien, 2021). According to
previous reports, the total concentration of Hg in the
estuary and coastal sediments varies, depending on
the contamination and pollution status.

Human health risk assessment

Table 2 shows the point estimate of human health
risk from the coastal community of Makassar city.
The majority of the Total hazard quotient (THQ) and
index (THI) values was lower than 1, except for the
community in the sampling site 9, 14, and 15. This
indicates that adverse health impacts are unlikely to
occur in these areas or people should avoid carrying
out recreational activities around places near the ship
harbor. The mean value of THI in adults was higher
than 1, implying that this population is at risk of health
problems in the future due to Hg exposure from
recreational activities such as swimming, fishing, or
playing around the coastal area. Based on the results,
adults had a lower value of THQ and THI compared
to the children which imply that children are more at
risk of Hg exposure than adults. This is in accordance
with another study conducted in Ankobrah and Pra,
Ghana, where the THQ value of children due to Hg
exposure was greater than that of adults (Kortei et
al., 2020). The toxic response factors of Cd and Hg



Table 2: Water Hg concentration, ecological risk (HQ), and human health risk (THQ and THI) of the Makassar coastal community

. Ecotoxicity Measured Hg THQ Ingestion THQ dermal THI
sampling screening Reference concentration HQ
site Adult Children Adult  Children  Adult Children
value (mg/L)
S1 0.0071 6 0.010 0.0003 0.025 0.029 0.035 0.029
S2 0.0081 7 0.011 0.0003 0.028 0.033 0.040 0.033
S3 0.0055 5 0.008 0.0002 0.019 0.022 0.027 0.022
S4 0.0081 7 0.011 0.0003 0.028 0.033 0.040 0.033
S5 0.0052 5 0.007 0.0002 0.018 0.021 0.025 0.021
S6 0.0025 2 0.003 0.0001 0.009 0.010 0.012 0.010
S7 (USEPA 0.0032 3 0.004 0.0001 0.011 0.013 0.016 0.013
S8 0,0011 1996) 0.0035 3 0.005 0.0001 0.012 0.014 0.017 0.014
S9 0.0095 9 0.013 0.0004 0.033 0.038 0.046 0.039
S10 1.0013 910 1.377 0.0395 3.515 4.041 4.893 4.080
S11 0.0091 8 0.013 0.0004 0.032 0.037 0.044 0.037
S12 0.0056 5 0.008 0.0002 0.020 0.023 0.027 0.023
S13 0.0089 8 0.012 0.0004 0.031 0.036 0.043 0.036
S14 1.0019 911  1.378 0.0395 3.517 4.043 4.895 4.083
S15 1.007 915  1.385 0.0397 3.535 4.064 4.920 4.104
Mean 0.205 187 0.283 0.0081 0.722 0.830 1.005 0.839
Standard deviation 0.410 375 0.5 0.01 1.4 1.6 2 1.6
Minimum value 0.0025 2 0.003 0.0001 0.009 0.010 0.012 0.01
Maximum value 1.007 915  1.385 0.0397 3.535 4.064 4.920 4.104

are significantly higher than other heavy metals, this
indicates that exposure to Hg is more dangerous to
human health, especially among young children
(Renieri et al., 2014).

Based on Fig. 2, the Total hazard index (THI) values
in percentile 95™ of adults at 1.008 and children 1.554
exceeds the acceptable limit from the United States
Environmental Protection Agency (USEPA) namely
THI >1 (USEPA, 1989). Both age categories are at
risk of experiencing adverse effects of Hg exposure
through multiple sources. However, children have a
greater non-cancer risk than adults. This is due to the
different body ratios where the amount of intake is
greater in children. Early stage of neurodevelopment,
the physiological structure, and the vulnerable
immune system put children at greater risk (Al-
Saleh et al., 2020; Du et al., 2021). These results are
consistent with previous studies conducted in Italy
and Japan where repeated exposure to total Hg and
methylmercury (Me-Hg) made young children more
vulnerable to neurologic changes than adults due to
greater sensitivity during the early stages of brain
development (Barone et al., 2021; Iwai-Shimada et
al., 2021).

Fig. 3 shows that Hg concentration (C) 23.3% and
exposure time (ET) 21.3% are the most dominant
or influential variables in non-cancer risk for adults
and children, respectively. These results indicate

that an increase in chemical concentration will affect
the intake value and elevate the risk of developing
adverse health effects (Saha et al., 2016; Rauf et al.,
2021c). Meanwhile, body weight (BW) has no effect
on the non-cancer risk for adults and children. This is
consistent with a previous study which stated that BW
has a negative and insignificant contribution to health
risk assessment (Orosun et al., 2020). The limitation
of this study is that human exposure pattern was not
collected directly from the people around coastal
areas. The human data used was adapted from the
USEPA standard value.

Hg removal application

Based on the Monte Carlo Simulation (MCS), Hg
concentration is the most influential factor in human
health risk. Therefore, there is a need to control Hg
concentration in the coastal area of Makassar city.
Polymerized sulfur and unsaturated cooking oil were
used to absorb mercury in the water column along the
sampling sites. From the non-parametric test result,
this method is effective for absorbing mercury from
water with a p-value <0.005. The range of percentage
(%) reduction of Total mercury concentration (THg)
in the water column was 39 — 100%. This implies
that polymer sulfur can be alternatively used by
local authorities to reduce mercury from the water
and prevent ecological as well as human health
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Fig. 2: Total Hazard Index (THI) of adults (a) and children (b) using the MCS model
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Fig. 3: Sensitivity analysis for all selected variables in health risk

Table 3: The percent reduction of polymer sulfur (PS) to total Hg concentration in coastal water of Makassar City

Sampling sites THg before application PS THg after application PS reduction (%) p-value
S1 0.0071 0.0043 39
S2 0.0081 0.0032 60
S3 0.0055 0.0012 78
sS4 0.0081 0.0023 72
S5 0.0052 0.0022 58
S6 0.0025 0.0003 88
S7 0.0032 0.0011 66
S8 0.0035 0.0012 66 0.001
S9 0.0095 0.0032 66
S10 1.0013 0.0011 100
S11 0.0091 0.0043 53
S12 0.0056 0.0024 57
S13 0.0089 0.0041 54
S14 1.0019 0.0993 90
S15 1.007 0.0487 95

adverse impacts in the future. Additionally, strict
environmental monitoring and pollution control in
coastal areas such as reducing vehicle activities and
throwing garbage into the sea are needed.

The mean Hg concentration in the coastal water
of Makassar city is high and above the water quality
standard value in several countries. The Hazard
quotient (HQ) was >1 in all sampling sites, which
indicates that Hg contamination is likely to cause
adverse impacts on the ecosystem, especially in
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invertebratesand phytoplankton.Based onthe Human
health risk estimation, communities near the ship
harbor namely sites 9, 14 and 15 are at risk of adverse
health impacts from Hg exposure. Furthermore, the
Monte Carlo simulation (MCS) showed that children
are at higher risk of Hg exposure than adults. This
condition allows for the possibility of developing non-
cancer risk. Children are the most vulnerable subject
in terms of rudimentary development. They absorb
more Hg during neurodevelopment compared to
adults. The most impactful factor for health risk is
Hg concentration with a contribution of 23.3 %. The



presence and high level of Hg in the environment
will cause ecological damage and health problems.
Efforts are needed from the government and all
institutions for protection policy and remediation
of Hg, especially in coastal areas. This metal is
one of the most dangerous and has been shown
to cause cardiovascular disease and cancer from
long-term exposure. Therefore, the applicable risk
reduction effort is reducing Hg concentration in the
water column. Based on the results, the application
of polymer sulfur (PS) is effective in reducing Hg
concentration in the coastal water of Makassar city
in the range of 39 — 100%. Due to its high efficiency,
polymer sulfur (PS) has broad prospects for the
remediation of Hg or other heavy metals in various
contaminated media.
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The research aimed to evaluate the water
quality of the Cangkring River in Tuban Regency, East Java Province, Indonesia, at
the segment near the oil and gas fields (Mudi Pad A, B, and C).

Water samples were collected from January to September 2021 at
seven locations along the river segment and tested ex-situ using six parameters,
including physical, chemical, and microbiological. The pollution index formula was
used to calculate, determine, and analyze the river water quality status. Samples
at three locations were further tested with 13 additional chemical parameters due
to potential contamination by other substances as they were located the closest to
the production site and office area.

Sample analysis with six parameters showed a pollution index value of
0.558 or within the predefined standard at one location (SW6) and 1.080-2.721
at the other six locations, indicating slight pollution. Another test at three selected
locations (i.e., SW1, SW2, and SW7) with 13 additional parameters increased the
pollution index to 5.556—6.170 (moderate pollution). This status change was due to
the high presence of nitrite and ammonia in the water samples.

The oil and gas industry near the Cangkring River has strictly
complied with the regulations in treating their produced water. However, it still
contains a high amount of nitrite and ammonia, moderately polluting the river
water. Therefore, it is necessary to regularly test the river water near oil and gas
fields to ensure its quality and safety.
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Environmental pollution is often linked to the growth
of economic activities and industrialization (Carvalho
et al,, 2018; Tran et al., 2019; Nasrollahi et al., 2020).
Manufacturing and mining industries are the primary
economic sectors in the Asian region that generate
different types of pollutants. Industrial activities
have been known to contaminate rivers around the
business district (Vu et al., 2017; Li et al., 2019; Hoang
et al., 2020), including those of the oil and gas sector
that potentially diminish the water quality near and
downstream of its operational areas. For instance,
crude oil extraction brings water to the surface, termed
produced water (PW), which constitutes more than
80% of the total wastewater (Bagheri et al., 2018)
and contains hydrocarbons and their derivatives.
PW is often discharged into the ocean from offshore
operations (Jepsen et al., 2018), which can pollute the
marine environment, a problem frequently caused by
the oil and gas industry that should be handled seriously
(Carpenter, 2019). Similarly, on-shore operations
often release PW into rivers (McLaughlin et al., 2020).
Introducing pollutants into a river can have vast
adverse impacts on the ecology and the surrounding
communities that depend on its water and many other
benefits (Khan and Zhao, 2019). Therefore, PW and
other domestic wastes generated by the oil and gas
industry should meet a certain standard of quality prior
to disposal or reuse (Patimah et al., 2022). According
to many previous studies, PW can be utilized to irrigate
food crops and other agricultural plants on dry terrains
(Echchelh et al., 2018; Sedlacko et al., 2019; McLaughlin
et al., 2020). For this purpose, PW is commonly treated
using produced water reinjection (PWRI) by adsorption
(Costa et al., 2022). However, this method can damage
the reservoir formations if it is not conducted carefully
and in compliance with the procedures (Liang et al.,
2018). It is necessary to be vigilant even when existing
processing technologies and processes have been
shown to meet the quality criteria, mainly because PW is
generated daily in a large volume and can thus endanger
the ecosystem around the production area (Ganiyu
et al., 2022). PW management requires a structured
framework and a risk-based strategy and incorporates
various issues, including environmental, technical, and
financial (Ghafoori et al., 2022). In some cases, it solely
relies on the most cost-efficient alternative (Sabie et al.,
2022). Subpar management practices can reduce soil
fertility, microbial diversity, agricultural yields (Miller
et al., 2020), and lead to river pollution. Therefore,
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river segments near and downstream of oil and gas
fields should be regularly inspected to ensure the
water quality standard is met. The water quality index
(WaQl) is often proposed to estimate and monitor water
quality (Aliyu et al., 2019; Lkr et al., 2020). However,
because the quality standards vary across countries
and purposes, the estimation method should refer to
or be adjusted to local government regulations (Costa
et al., 2022). For instance, in Indonesia, one of the
techniques used to assess river water quality is the
pollution index (PI), as outlined in the Decree of the
Minister of the Environment No. 115 of 2003 (Hamuna
and Tanjung, 2021; Wikurendra et al., 2022). This study
primarily aimed to evaluate the river water quality using
PI. Samples were collected along the Cangkring River
segment near the Mudi Field in 2021. It is one of the
locations in Tuban, East Java, Indonesia, where the oil
and gas industry operates.

Bengawan Solo River and one of its tributaries,
Cangkring River, run close to the Mudi Field, an oil
and gas exploration site in Tuban Regency, East Java
Province, Indonesia. The field lies between 7°04’41” and
7°08'45”S and between 111°57°02” and 111°59°46"E
(Fig. 1). It is about 32 km from Tuban Regency and 101
km from Surabaya City, the capital of East Java Province.
Tuban has two seasons during which various disasters
have been reported: drought and forest fires in dry
seasons and floods and landslides in multiple places
in rainy seasons (Rustinsyah et al., 2021). It is one of
the regencies in the province that relies on agricultural
commodities, and the livelihood of its people is mostly
in the farming sector (Widiatmaka et al., 2016).

Water sampling

Samples were collected from January to September
2021 at several points along the Cangkring River segment
near the oil and gas production site (Mudi Pad B) and the
office areas (Mudi Pad A and Mudi Pad C) (Fig.1). The
sampling points were selected based on their turbidity
level and their position relative to potential sources of
pollutants. Different hypotheses were formulated for
each point so that the data obtained could describe the
entire study area. Table 1 describes the condition and
the hypothesis of each sampling location.

Test parameters and quality standards
The water samples collected at seven points were
tested ex-situ at the Hydrology Laboratory, Gadjah
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Fig. 1: Geographical location of the Cangkring River, Indonesia, along with the seven sampling points

Mada University, Yogyakarta, Indonesia. The primary
characteristics used to gauge the water pollution level
were total dissolved solids (TDS), total suspended solids
(TSS), biological oxygen demand (BOD,), chemical
oxygen demand (COD), oil and grease, and total
coliform, on which the test parameters were based.
Three of the seven sampling points, namely SW1, SW2,
and SW7, were in direct contact with Mudi Pad B (oil
and gas production site) and were assumed to have a
higher pollution potential than other points. Thirteen
additional organic chemical parameters, including pH,
nitrate, nitrite, chloride, sulfate, ammonia, phosphate,
detergent, hexavalent chrome, cadmium (Cd), lead
(Pb), zinc (Zn), and copper (Cu), were tested at these
points. Table 2 summarizes the test parameters, units
of measurement, and standards or requirements for
the river water quality. These parameters were assessed
using specific methods according to applicable laws and
regulations (MLHK, 2016). All parameter values were
compared against their respective quality standards
for class Il purposes according to Government
Regulation Number 82 of 2001 because the Cangkring
River was designated for agricultural activities. Water
quality standards measure the highest amount or
level of substances, energy, living organisms, or other
components a body of water can tolerate without

changing its desired condition for specific utilization.

Calculation of the pollution index value

According to the ministerial decree, Pl is a method
used to assess the river water quality in Indonesia
(Hamuna and Tanjung, 2021; Wikurendra et al., 2022).
It calculates the pollution level of a water body in
relation to water quality parameters measured directly
in the field or assessed in the laboratory using collected
water samples (Martinus et al., 2018; Suriadikusumah
et al., 2021). However, unlike the water quality index,
Pl is produced to inform about the designated uses of
one segment or the entire body of water (Effendi et al.,
2015). In other words, it decides the water quality status
for a specific purpose (lkhsan et al., 2021) and lays the
groundwork for improving water quality due to high
pollutant content (Rahmatillah et al., 2021).

Following the ministerial decree, the pollution
index (PI) was used to generate and analyze the water
quality parameter values at each sampling point in the
Microsoft Excel program. In this study, the Pl value was
calculated using Eg. 1 (MNLH, 2003).

(1)
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Table 1: Water sampling locations and tested hypotheses

Sampling location Information

Point 1 (SW1) -

Near Mudi Pad B, upstream of the oil and gas production site

- The water flows to point 2 (SW2)
- Selected to determine the river’s water quality before traversing Mudi Pad B, assumed to

be the source of pollutants
Point 2 (SW2) -

Near Mudi Pad B, downstream of the oil and gas production site

- Water flows from point 1 (SW1) to point 6 (SW6)
- Selected to determine the river’s water quality after traversing Mudi Pad B. Hypothesis:
pollution has occurred at this point

Point 3 (SW3) -

Just upstream of Mudi Pad A (the industry’s office area)

- Water flows to point 5 (SW5)
- Selected to determine the river's water quality before traversing Mudi Pad A, assumed to

be the source of pollutants
Point 4 (SW4) -

The outlet of the Cangkring River, before it meets the main river (Bengawan Solo)

- Selected to determine the river's water quality before entering Bengawan Solo River, with
the assumption that the water is slightly polluted because it is connected to several other water

sources
Point 5 (SW5) -

Near Mudi Pad A, just downstream of the oil and gas production site

- The water flows from point 3 (SW3) and traverses Mudi Pad A before reaching this point
- Selected to determine the river's water quality after flowing through Mudi Pad A.
Hypothesis: pollution has occurred at this point

Point 6 (SW6) -
from other sources.

Downstream of Mudi Pad B and upstream of Mudi Pad C, but this point also receives water

- Water flows from point 2 (SW2) to point 7 (SW7).
- Selected to study the conditions around Mudi Pad B (production site) and Mudi Pad C
(office area), fed by other water sources assumed to be slightly polluted

Point 7 (SW7) -

Downstream of Mudi Pad C (office area)

- Water flows from point 6 (SW6)
- Selected to determine the river's water quality after traversing Mudi Pad C. Hypothesis:
slight pollution has occurred at this point

Where, L, is the maximum allowable concentration
of water parameter (i) for designated use (j), C,- is
the value of the water parameter (i) based on the test
results, PI, is the pollution index for designated use (j),
M on C, /L, is the highest value, and R on ¢ /L, is the
average value.

The level of damage or water pollution is difficult to
determine if two C,/L; values are close to the reference
value (1.0), e.g,, C,/L;=09 and ¢,/L,,= 1.1, or if they
are substantially different, e.g., C,/L,,;=5.0and C,/L,;=
10.0. The points below should be considered in solving
these problems:

1) If C,/L, < 1.0, then the Pl is the same as the
measurement result

2)  Suppose C;/L; > 1.0. In that case, (¢,/z,) s
calculated using Eg. 2 (MNLH, 2003). Pis a constant, and
its value can be flexibly chosen depending on the results
of environmental observations and the intended criteria
for a designated use. The commonly used P value is 5.

G =1.0+Plog G
i L (2)

New U
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The derived Pl values were then converted into
water quality status, which indicates if a body of water
is suitable for a particular purpose or polluted at a
predefined time (MNLH, 2003). Table 3 classifies the
status into four: good condition for Pl smaller than 1,
slight, moderate, and heavy pollution for PI larger than
1. Each water quality parameter directly correlates to
and strongly influences the Pl value.

River water quality

Table 4 shows the water quality test results of the
Cangkring River between January and September 2021.
Seven water samples were collected from different
sites along the river segment near the oil and gas
production site and office areas and analyzed using
six physical, chemical, and microbiological parameters
(see Table 2). The two physical parameters, TDS and
TSS, were 146-682 mg/L and 12-36 mg/L, or below
the upper threshold of 1,000 and 400 mg/L for class I
purposes. TDS is influenced by several anthropogenic
and natural activities on the surface, while TSS is



Table 2: Test parameters and their maximum allowable presence (MLHK, 2016)

Quality standard for

No Parameter Abbreviation Unit class III** Sample water (SW)
Physical
1 Total dissolved solids TDS mg/L 1,000 1-7
2 Total suspended solids TSS mg/L 400 1-7
Chemical
3 Five-day biological oxygen demand BODs mg/L 6 1-7
4 Chemical oxygen demand CcOoD mg/L 50 1-7
5 Power of hydrogen* pH - 69 1,2,7
6 Nitrate* NOs mg/L 20 1,2,7
7 Nitrite* NO2 mg/L 0.06 1,2,7
8 Chloride* Cl mg/L 600 1,2,7
9 Sulfate* SO, mg/L 400 1,2,7
10 Ammonia* NH3s'N mg/L 0.5 1,2,7
11 Phosphate* PO, mg/L 1 1,2,7
12 Detergent* mg/L 0.2 1,2,7
13 Chromium hexavalent* Cré* mg/L 0.05 1,2,7
14 Cadmium* Ccd mg/L 0.01 1,2,7
15 Leads* Pb mg/L 0.03 1,2,7
16 Zinc* Zn mg/L 0.05 1,2,7
17  Copper* Cu mg/L 0.02 1,2,7
18  Oil and grease mg/L 1 1-7
Microbiological
19 Total coliform 5/100 mL 10,000 1-7

*additional organic chemical parameters

**per the Decree of the Indonesia Minister of Environment Number 115 of 223

determined by plant roots and their role in nutrient
adsorption, dust distribution from the air, and root
decomposition (Suriadikusumah et al.,, 2021). The
chemical parameters tested were BOD,, COD, and oil
and grease contents. BOD, values varied widely from
1.70 to 20.60 mg/L. SW1, SW4, SW5, and SW7 had
BOD, above its maximum allowable presence for class
Il purposes. Moreover, SW7 had the highest BOD, of
20.6 mg/L or three times greater than the upper limit.
The cause is impurities from agricultural and domestic
waste disposed of into the river. On the contrary, the

COD values of all the points were below the upper limit.
Nevertheless, there is a linear relationship between
COD and BOD, (Qi et al, 2021). The next chemical
parameter was oil and grease content, which exceeded
its maximum allowable presence at SW1, SW2, and
SW3. The only microbiological parameter tested in this
study was total coliform, and the results showed that it
was below the upper threshold of 10,000 per 100 mL
at all the sampling points. Based on the physical and
microbiological parameter values, the Cangkring River
segment near the oil and gas production site and office
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Table 3: Water quality status based on pollution index values (MNLH, 2003)

PI; Score Water quality status

0<PLj<10 Good condition (the quality standards are met)
1.0<PIj<5.0 Slight pollution

5.0<PI;<10.0 Moderate pollution

PI;>10.0 Heavy pollution

Table 4: Water quality test results of the seven samples along the Cangkring River segment near the oil and gas production site and office
areas in Tuban

Quality Parameter values
No. Parameters Unit standards
for class Il sSwi1 SW2 Sw3 Swa4 SW5 SW6 Sw7
1 TDS mg/L 1,000 146.00 170.00 268.00 506.00 430.00 457.00 682.00
2 TSS mg/L 400 13.00 13.00 13.00 24.00 20.00 25.50 36.00
3 BODs mg/L 6 6.53 4.60 1.70 9.70 7.40 4.30 20.60
4 COoD mg/L 50 17.38 13.95 12.31 14.20 11.00 7.80 36.70
5 Oil and grease mg/L 1 1.60 1.60 1.60 0.80 0.40 0.50 0.80
6 Total coliform /100 mL 10,000 2,400 2,400 1,100 3,600 2,200 850 8,000

areas still meets the water quality standards and is
thus suitable for supplying agricultural irrigation water.
However, the chemical conditions put a limit to this
purpose because the upper thresholds were exceeded
at SW1, SW2, and SW7, which were close to Mudi Pad
B (production site). Of the seven points, SW6 is the only
location whose parameter values were below their
respective maximum allowable presence. It is located
between Mudi Pad B (production site) and Mudi Pad C
(office area) and receives water from other sources.

Additional testing of chemical parameters

Because the BOD, and oil and grease content
at SW1, SW2, and SW7 exceeded their maximum
allowable presence for class Il purposes, the three
points were further tested using 13 additional organic
chemical parameters. Their selection for the additional
test was also based on their proximity to the potential
sources of pollutants. SW1 and SW2 were in direct
contact with the oil and gas production site Mudi Pad
B, while SW7 was located between Mudi Pad B and the
office area Mudi Pad A. In addition, they had a higher
pollution potential than the other four sampling points,
and SW7 had a slightly higher value than the rest for

280

some parameters. Of the 13 additional parameters,
the nitrite, ammonia, and phosphate concentrations
exceeded their respective upper limits for class llI
purposes, as shown in Table 5.

Pollution index and water quality status

Pl values determine the river’s water quality at each
sampling location based on their physical, chemical,
and microbiological parameter values (see Table 4).
The PI of each parameter was calculated using Egs. 1
and 2 to obtain the value of ¢,/z, and(c,/z,) for class
Ill purposes, i.e., agricultural irrigation, before being
classified into one of the four water quality statuses (see
Table 3). Table 6 shows the entire calculation results for
the six parameters and the water quality status of each
point. Tables 4 and 6 also indicate a linear relationship
between the parameter values, Pl values, and water
quality status. The water quality test results showed
that SW6 was the only point that met all the criteria for
class Il water. Similarly, its Pl value, 0.558, categorized
the water quality as good condition. On the contrary,
the Pl values of other points ranged from 1.080 to 1.522,
indicating slight pollution. This pollution level is also
characterized by the Pl value of each tested parameter.



Table 5: Test results of three selected sampling points with additional 13 chemical parameters

Quality standards

Sample test results

No Parameters Unit

class il SW1 SW2 Sw7
1 TDS mg/L 1,000 146.00 170.00 682.00
2 TSS mg/L 400 13.00 13.00 36.00
3 Power of hydrogen* - 9 7.80 7.76 7.61
4 BODs mg/L 6 6.53 4.60 20.60
5 CcoD mg/L 50 17.38 13.95 36.70
6 Nitrate* mg/L 20 2.35 2.29 20.00
7 Nitrite* mg/L 0.06 2.00 1.55 1.33
8 Chloride* mg/L 600 28.00 28.40 28.40
9 Sulfate* mg/L 400 18.00 12.30 11.90
10 Ammonia* mg/L 0.5 4.25 4.07 6.13
11 Phosphate* mg/L 1 1.15 1.06 0.99
12 Detergent* mg/L 0.2 0.0480 0.1200 0.0640
13 Chromium hexavalent* mg/L 0.05 0.0100 0.0036 0.0036
14 Cadmium* mg/L 0.01 0.0033 0.0033 0.0033
15 Leads* mg/L 0.03 0.0130 0.0130 0.0130
16 Zinc* mg/L 0.05 0.0180 0.0096 0.0140
17 Copper* mg/L 0.02 0.0860 0.0086 0.0086
18 Oil and grease mg/L 1 1.60 1.60 0.80
19 Total coliform /100 mL 10,000 2,400 2,400 8,000

*Additional organic chemical parameters

For instance, BOD, and oil and grease content at other
locations had a PI value of between 1 to 5, contributing
to slight pollution. The sampling points other than SW6
were classified as slightly polluted, with the primary
contributing factors being BOD, and oil and grease
content because only both parameters had the ¢ /z,
and(c,/1,) . of higher than 1.

Table 7 shows the Pl calculation for the six parameters
measured at the initial stage and the additional 13
chemical parameters at SW1, SW2, and SW7. Compared
with the Pl values of the six parameters (Table 6), there
was a considerable increase in value and water quality
status from slight to moderate pollution. The three
selected points were previously identified as potentially
polluted by the production activities of the oil and gas
sector because BOD, and oil and grease content had the
¢/1, and(c /L,) of higher than 1 (see Table 6). Aside
from these two chemical parameters, the additional
test also revealed that nitrite, ammonia, and phosphate
contributed to the high PI values. However, nitrite and
ammonia contents (dissolved nitrogen) were found
to be substantially above their upper limits for class Ill

water. The total nitrogen calculated using Total Kjeldahl
Nitrogen (TKN) includes ammonia and all organic
nitrogen molecules that can cause the formation of a
hypoxic zone, resulting in oxygen deprivation (Al-Ghouti
et al., 2019). The high nitrite contents indicated that the
organic matter breakdown along the Cangkring River
segment consumed oxygen, thereby decreasing the
oxygen content in the water. Meanwhile, an increase in
nitrogen levels, specifically nitrite, is caused by the influx
of waste from agricultural activities (John et al., 2020).

The average and maximum ¢,/z, and/or(c,/L;)
values of all the parameters are components of Pl
calculation formula. PI values determine the water
quality status; thus, if one parameter value increases to
very high, it will also increase the PI value and worsens
the status. The maximum ¢,/z, and/or(c,/z,) values
of nitrite and ammonia were higher than 5, indicating
moderate pollution. Both parameters caused the water
quality status at SW1, SW2, and SW7 to change from
slightly to moderately polluted. Nitrite and ammonia,
which include nitrogen, are not always produced by the
oil and gas industry but can also result from agricultural
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Table 6: Pollution Index values and water quality status at seven points along the Cangkring River segment near the oil and gas production
site and office areas in Tuban

Swi SwW2 Sw3
No- Parameters C/Ly; /by, Gl (@l Gl (Co/lsy),.,
1 TDS 0.146 0.146 0.170 0.170 0.268 0.268
2 TSS 0.033 0.033 0.033 0.033 0.033 0.033
3 BODs 1.088* 1.184 0.767 0.767 0.283 0.283
4 cob 0.348 0.348 0.279 0.279 0.246 0.246
5 Oil and Grease 1.600* 2.021 1.600* 2.021 1.600* 2.021
6 Total Coliform 0.240 0.240 0.240 0.240 0.110 0.110
Average (€/Lyy), 0.662 (€2/L2),, 0.585 (Cs/L3p),, 0.493
Maximum (€/L1)),, 2.021 (€2/La)),, 2.021 (Cs/Lsy),, 2.021
Pollutant Index Pl 1.503 Ply; 1.487 Pls; 1.471
Quality status Slightly polluted Slightly polluted Slightly polluted
Sw4 SW5 SW6
o Parameters G/l (Gl Colby  (Golly)yy,  Colly  (Colloy
1 DS 0.506 0.506 0.430 0.430 0.457 0.457
2 TSS 0.060 0.060 0.050 0.050 0.064 0.064
3 BODs 1.617* 2.043 1.233* 1.455 0.717 0.717
4 CoD 0.284 0.284 0.220 0.220 0.156 0.156
5 Oil and Grease 0.800 0.800 0.400 0.400 0.500 0.500
6 Total Coliform 0.360 0.360 0.220 0.220 0.085 0.085
Average (Ca/Laj), 0.676 (Cs/Lsj),, 0.463 (Co/Lej),, 0.330
Maximum (Ca/Lay),, 2.043 (Cs/Lsy),, 1.455 (Co/Lsj),, 0.717
Pollutant Index Ply; 1.522 Pls; 1.080 Plgj 0.558
Quality status Slightly polluted Slightly polluted Good condition (Quality
standards are met)
SW7
No. Parameters ColLiy (Ci7/Lij)New
1 TDS 0.682 0.682
2 TSS 0.090 0.090
3 BODs 3.433% 3.679
4 CcoD 0.734 0.734
5 Oil and Grease 0.800 0.800
6 Total Coliform 0.800 0.800
Average (C7/L7]-)R 1.131
Maximum (C7/L7,-)M 3.679
Pollutant Index Ply; 2.721
Quality status Slightly polluted

*C/L;>1, indicating the need for a new Cy/L; calculation, (C/L)new-

practices that apply nitrogen-based fertilizers. Even 2019). Nevertheless, Cangkring River water can still be
though nitrite and ammonia are non-carcinogenic, used for agricultural irrigation, provided that a further
their high presence in moderately contaminated water  investigation into the effect of high nitrate and ammonia
is still harmful to human health (Adimalla and Qian, content on plant growth be conducted.
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Table 7: Pollution Index values and water quality status at three selected points near the oil and gas production site and office areas in Tuban
with 13 additional chemical parameters

swi SW2 SW7
No Parameters Gy (G, Gl (Gl G/ly (Gl
1 TDS 0.146 0.146 0.170 0.170 0.682 0.682
2 TSS 0.033 0.033 0.033 0.033 0.090 0.090
3 pH 0.867 0.867 0.862 0.862 0.846 0.846
4  BODs 1.088* 1.184 0.767 0.767 3.433* 3.679
5 CoD 0.348 0.348 0.279 0.279 0.734 0.734
6  Nitrate 0.118 0.118 0.115 0.115 1.000 1,000
7 Nitrite 33.333* 8.614 25.833* 8.061 22.167* 7,729
8  Chloride 0.047 0.047 0.047 0.047 0.047 0.047
9  Sulfate 0.045 0.045 0.031 0.031 0.030 0.030
10  Ammonia 8.500* 5.647 8.140* 5.553 12.260* 6.442
11 Phosphate 1.150* 1.303 1.060* 1.127 0.990 0.990
12 Detergent 0.240 0.240 0.600 0.600 0.320 0.320
13 Chromium hexavalent 0.200 0.200 0.072 0.072 0.072 0.072
14 Cadmium 0.330 0.330 0.330 0.330 0.330 0.330
15  Leads 0.433 0.433 0.433 0.433 0.433 0.433
16  Zinc 0.360 0.360 0.192 0.192 0.280 0.280
17 Copper 4.300* 4.167 0.430 0.430 0.430 0.430
18  Oil and grease 1.600* 2.021 1.600* 2.021 0.800 0.800
19  Total coliform 0.240 0.240 0.240 0.240 0.800 0.800
Average (€1/L1)), 1.386 (C2/L2j), 1.124 (€1/Ls)), 1.420
Maximum (Cl/Llj)M 8.614 (Cz/sz)M 8.061 (C7/L7,)M 7.729
Pollutant index Pl 6.170 Ply; 5.755 Ply; 5.556

Quality status Moderately polluted

Moderately polluted Moderately polluted

*Cy/L; >1, indicating the need for a new Cy/L; calculation, (C/Lj)new.

The water quality of the Cangkring River segment
near the oil and gas fields has been determined at
seven sampling points using six main physical, chemical,
and microbiological parameters, i.e., TDS, TSS, BOD,,
COD, oil and grease, and total coliform. Furthermore,
points SW1, SW2, and SW7 have been selected for
further analysis using 13 more chemical parameters
because of their high BOD, and oil and grease levels
and proximity to the production site and office areas.
Based on the additional analysis, the river’s nitrite,
ammonia, and phosphate concentrations are above
their maximum allowable presence in water for class llI
purposes. For these reasons, their water quality status is
moderately polluted. The nitrite and ammonia contents
are substantially above their upper limits, presumably
caused by an increase in nitrogen. Nitrite and ammonia
are not always associated with the oil and gas industry
but also agricultural activities. Nevertheless, the
Cangkring River water can still be used to irrigate
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farmlands despite its low to moderate contamination
levels. The research has found that even with the strict
regulations currently enforced in treating the produced
water (PW) from the oil and gas fields, the discharged
PW still contains a significant amount of nitrite and
ammonia, resulting in moderately polluted river water.
Also, conducting an additional test with 13 chemical
parameters at three locations closest to the fields has
provided a good comparison for the six-parameter
water quality test results and confirmed this finding.
Therefore, to address the high nitrite and ammonia
contents, it is also necessary to regularly assess the
river water quality near the fields to ensure that it is
safe for the agricultural sector and the environment and
to investigate the effect of moderately contaminated
water on crop health.
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The stress caused by dryness can affect plant growth and
physiology. Several coping mechanisms (recovery, avoidance, tolerance and drought escape)
have been developed to mitigate the impact of drought stress, and most strategies involve
survival during stress condition. The aim of this study was to compare the morphological and
physiological characteristics of two varieties of sorghum forage (Pegah and Speedfeed) under
drought stress conditions in order to provide beneficial and functional recommendations to
farmers in the study area.

This study was performed as a spit-plot plot in a complete randomised design
with 3 replications for two years in Esfahan, Iran. Experimental treatments included drought
stress at three levels for two varieties of sorghum. Mechanisms of sorghum response to
drought stress, including physiological and morphological alterations, were also proposed.
Treatment means were compared by the Duncan test at 5% and 1% levels of probability. The
statistical analysis was applied to the data using the R software.

Lower irrigation showed a gradual decrease in plants height, number of leaves per
plant, stem diameter, nitrogen and crude protein, with an increase in the length and weight
of their panicle. Compared to Pegah variety, Speedfeed cultivar with 12% increase enhanced
the contents of chlorophyll (1.7 times) in the two years of experiment. It could be concluded
that Speedfeed variety exhibited better yield and quality characteristics against drought stress
compared to Pegah variety. Considering the tolerance index and the harmonic mean index,
Pegah showed the highest sensitivity to drought stress.

This study indicated that sorghum had several adaptive mechanisms for
dealing with drought stress, so that it could be applied as a suitable alternative for other crops
with higher water needs such as Zea.
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Over 80% of Iran is located in arid and semiarid
regions and has extremely dry periods with no
precipitation and strong evapotranspiration (Nouri
et al., 2020). Moreover, in this country, precipitation
does not have appropriate spatial and temporal
distributions (Amiri and Eslamian, 2010). Agriculture
accounts for 72 billion cubic meters (94%) of the
country’s total water output. Models Crops under
drought stress have predicted severe droughts by
the end of the 21st century, causing severe water
crises and double yields (Kang et al., 2019; Yu et al.,
2018). As a result, finding a solution to reduce water
consumption and increase its productivity seems
to be necessary more than ever. Drought stress is
one of the most significant factors in reducing the
growth, development and production of cultivated
plants. This stress represents a loss of 55% of crop
varieties worldwide (Bray et al., 2000). Water stress
is more or less affected by all aspects of the plant,
including morphology, physiology and metabolism
(zhao et al., 2020; Deepak et al., 2019; Jabereldar et
al., 2017; Tariq et al., 1325). Therefore, drought has
become the world’s most destructive strain (Zhao et
al., 2020; Mohammadi and Shams, 2012). Decline
in irrigation, as a beneficial economic strategy
mostly targeting the use of water volume unit, is
known as a step towards the stability of agricultural
commodities. This means that the trained plants
receive less water than they need. Today, global
deficiency is considered as a method for increasing
the water consumption efficiency by eliminating the
irrigation systems that have the least contribution to
productivity or use more water (Karam et al., 2007).
Although, with less aggregation, the plant is slightly
exposed to water stress, by adjusting the irrigation
and implementing optimization steps, the unit of
water volume can be used (Kirnak et al., 2002). The
problem is that farmers are looking for an alternative
product rather than the crops that require more
water. In search of the best measure of genotype
selection under water stress, various selection
criteria have been recommended to choose the
genotypes with optimal performance under stress
and non-stress conditions among other groups
(Fernandez, 1992; Naghavi et al., 2013; Afolabi et
al., 2020). Estimating the drought tolerance indices
is fundamental in assessing the drought-tolerant
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hybrids (Hussain et al., 2019). In recent years,
sorghum drought resistance has been considered
as an appropriate alternative for maize with higher
water requirements (Smith and Friedriksen, 2008).
Sorghum is one of the top five cereal types after
wheat, rice, maize and Hordeum which is ranked
as the fourth largest grain in the world. Sorghum
provides food for millions of animals. For example,
over 55% and approximately 33% of sorghum seeds
are used for human consumption and livestock feed
in the world, respectively (Aghaalikhani et al., 2012).
The quality and value of sorghum feed are similar to
that of maize, but its use is significantly different.
Sorghum can be used for dry matter or direct grazing,
whereas maize silage is the most expendable feed
type (Sarshad et al, 2021). In addition, a good
growth capacity of sorghum after harvest has made
it economically more valuable and suitable than corn
(De Oliveria Santos et al., 2020). In Iran, the lack of
fodder is one of the main livestock issues (Karimi et
al., 2018). Considering the lack of rich pastures and
the pressure posed by cattle on them, evaluation of
the cultivation of these plants is especially important.
Regarding the compromise of sorghum, drought
conditions on the one hand and dryness of large
areas in Iran on the other hand, investigation of plant
yield in drought stress in the country seems essential.
Considering the growth of population, their need to
provide the required food and poultry and the need
for research on plants and drought-resistant forage,
such as sorghum, have received more attention (Igbal
et al., 2015). Optimizing plant water use efficiency in
arid and semiarid areas is one of the most important
factors in sustainable agriculture. An appropriate
method for dealing with drought in the agricultural
sector should be based on cultivation of drought-
resistant plants instead of highly consumed plants,
leading to an increase in the yield and quality of
the product. Consequently, the aim of the current
study is to evaluate the impacts of drought stress on
different varieties of sorghum in terms of morpho-
physiological traits and compare morphological
and physiological characteristics of two varieties of
sorghum forage (Pegah and Speedfeed) under drought
stress conditions in order to provide beneficial and
functional recommendations to farmers. This study
has been carried out in Isfahan, Iran, within 2017 and
2018 crop seasons.



Site description and planting

A spit-plot experiment was performed in a
randomized block design with 3 replications within
2017 and 2018 crop seasons. The treatments
comprised irrigation managements with 3 levels:
High irrigation (HI) (100% irrigation), Medium
irrigation (M) (80% full irrigation), and Low irrigation
(LI) (60% full irrigation), with sorghum varieties:
Pegah (late mature) and Speedfeed (early mature).
Varieties belonging to Iranian fodder sorghum
cultivars, were gained from the Seed Improvement
Research Centre of Isfahan, Iran. The harrowing
and ploughing were performed prior to sowing in
order to prepare the soil. Seeds were sown on the
mound at a density of 250,000 plants/ha in early
June (calculated according to prevailing plantan dates
in the area) for two years. The length of each edge
was set to 12 m and the separate between the edges
was 60 cm in each plot. Therefore, spacing among
the seedlings in the row was 60 cm. Prior to planting,
the physical and chemical properties of the soil were
Clay: 18%, Silt: 12%, Sand: 70%, EC: 1.23 dS/m, pH:
7.2, Organic Carbon: 0.97%, Absorbable potassium:
700 ppm, Absorbable phosphorus: 40.50 and Total
nitrogen: 0.1%. Potassium sulfate and ammonium
phosphate fertilizers were connected with the doses
of 150 and 250 kg/ha individually. When the plants
reached 40-cm tall with a water framework system,
urea fertilizer was utilized as dressing. The water
system was established by drip-strip and water
system cycle was based on a steady cycle and water
net prerequisite of plant (evaporation pan class A).
Water requirement was estimated according to daily
evapotranspiration values of reference tree (ETO)
and crop specific coefficient (KC) of the combined
Penman-Montes-FAO model (Allen et al., 1998).
The irrigation water quality included EC: 1.9 dS/m,
pH: 7.2, HCO® 4.6 meg/L, Cl: 9.2 meq/L, SO, 6.5
meq/L, Ca?*: 6.6 meqg/L, Mg?*: 3 meq/L, and Na*:10.3
meq/L. Water consumption was also measured by
a calibrated meter. Water consumptions during the
growing season, during 18 to 20 irrigations in 100%,
80% and 60% full irrigation treatments, were 5,038,
42,250 and 3,350 m3/ha in 2017 and 4,400, 5,445 and
3,225, in 2018 respectively. The total rainfalls in the
whole area were 14 mm and 25.2 mm for 2017 and
2018, respectively.

Laboratory analyses

Important crop traits, including plant height,
stem diameter, length, leaf number, and weight of
the panicle, were measured. In order to determine
the dry weight, one kilogram sample was placed in
a temperature of 70-75 °C for 24 hours to dry. Ash
content was determined using the dry ash method
when weighing an empty crucible and placing 2 g of
the sample in a crucible at 550 °C in a furnace until
the sample turned gray after complete heating. The
crucible was placed in desiccator and allowed to cool,
and then the sample was reweighed and calculated.
The kjeldahl method was applied for determination
of total nitrogen and crude protein (Bremner, 1982).
Total chlorophyll content was estimated as sum of
chlorophyll a and b and expressed as mg/g fresh
weight. Drought tolerance indices were calculated
using Egs. 1 to 4 (Bonea and Urechean, 2011).

Tolerance index (TOL)=(Yp—-Ys) (2)
Mean productivity (MP)=(Ys + Yp)/2 (2)
Geometric mean productivity (GMP)=(Yp*Ys)%:  (3)
Harmonic mean index (HAR)=2(Ys.Yp)/Ys+Yp (4)

Where, ¥s and Yp are the means of all genotypes
under stress and well water conditions, respectively.

Statistical analysis

The analysis of variance (ANOVA) was conducted
for each year to verify the statistical differences among
the two sorghum varieties, various irrigation levels (3
levels) and their interaction. Moreover, correlation
analyses of the studied parameters were performed
by a linear regression model. Several data sets were
altered for logarithm to provide the prerequisites of
ANOVA for homogeneity of variance and normality.
Treatment means were compared using the Duncan
test at 5% and 1% levels of probability. The statistical
analysis was applied to the data using the R software
(version 4.3.19).

According to analysis of variance, the effect
of experimental years on all morphological
characteristics, except for the weight of the plate at
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the level of 1%, was significant (Table 1). The irrigation
effect on all morphological traits, except for number
of leaves and plant height, was also significant. The
effect of varieties on all traits, except for the length
of the plate and plant height, was significant. The
interaction of factors was also different in other traits.

The results of variance analysis of physiological
traits indicated that the effect of experimental years
on all studied characteristics was not significant at
the level of 5% (Table 2). The effect of irrigation on
all traits, except for chlorophyll and ash content, was
important, and the effect of varieties on all traits,
except for ash content, was important. The interaction
of factors in most traits, except for chlorophyll content
and dry weight plant, was not significant.

Results of mean comparison showed that the
difference in mean plant height in the first year
between the two varieties was insignificant and, in the
second year, it was higher in HI than in Ml and LI and
only in LI it was significantly higher (Fig. 1). In general,
stem diameter had the highest value in Speedfeed
variety in M|l compared to other treatments, while
both varieties in LI showed the lowest value in
both years (Fig. 1). Due to sorghum’s resistance to

environmental stresses, most of its vegetative and
functional characteristics remained unaffected by
the increase of temperature in the second year.
Jabereldar et al. (2017) reported similar results. The
dry matter, protein and minerals (ash) of Speedfeed
are higher than Pegah variety. While, its soluble fibers
and lignin or, in other words, digestibility is less than
that of Pegah (Mokhtarpour et al.,, 2000). Due to
the lack of significance of dry matter in water stress
levels with control treatment, it has been reported
that sorghum can drain more moisture from the soil
in low water conditions (Pardales Jr and Kono 1990).
As a result, the average number of leaves of the two
varieties was meaningfully higher in the first year
than in the second year. No marked difference was
observed in the mean length of panicle in the two
varieties in different irrigation years. The weight of
the panicle showed different values, with values for
Pegah cultivar being less than the values observed
in HI levels in both years. Finally, the mean DM in
Speedfeed variety at HI level was significantly higher
than Pegah variety and it was vice versa at Ml (Fig.
1). Naseri et al. (2011) showed that shortening of the
length of the panicle due to the impact of drought

Table 1: Two-way ANOVA results of morphological variables of the two varieties of sorghum at different years under different irrigation
levels

Panicle length Panicle weight

Variables df Plant height (cm) Leaf number (cm) () Stem diameter (mm)
Time (A) 1 4436.89 ** 86.64** 29.5%* 11.82ns 15%*
Irrigation (B) 2 1111.84 ns 0.18ns 19.62** 192.99** 21.5%*

AXB 2 145/74 ns 1.69ns 7.7% 3ns 0.1ns
Variety (C) 1 76 ns 32.2%* 7.62ns 132.44%* 455.5%*

BXC 2 568/92* 1.4ns 0.91ns 142.87* 2.4%%*

AXC 1 756.43* 1.22ns 2ns 0.45ns 0.1ns
AXBXC 2 645/13* 0.09* 1lns 117.21* 0.08ns

ns: not significant; * and **: significant at p < 0.05 and p < 0.01, respectively

Table 2: Two-way ANOVA results of variables of the two varieties of sorghum at different years under different irrigation levels

. Chlorophyll content Nitrogen (%) Dry matter Crude protein

Variables df (me/e) weight (g) (%) Ash (%)
Time (A) 1 0.07ns 0.0003ns 0.008ns 0.01ns 1.88ns
Irrigation (B) 2 0.2ns 0.1** 25.14** 4.69** 3.73ns
AXB 2 3.7%* 0.005ns 2.27 ns 0.2 ns 1.97ns
Variet y(C) 1 13.9** 0.1** 404.27** 4.89** 3.75ns
BXC 2 33.6** 0.007ns 60* 0.3ns 3ns

AXC 1 31.7** 0.003ns 1.36ns 0.13ns 1.69ns
AXBXC 2 3.6%* 0.007ns 2.6ns 0.28ns 2.59ns

ns: not significant; * and **: significant at p < 0.05 and p < 0.01, respectively
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Fig. 1: Variations in morphological properties of the two varieties of sorghum at different years under different irrigation levels. Different
lower-cases for interaction on the bars show significant differences (Duncan, P < 0.05). (HI): High irrigation, (Ml): Medium irrigation and
(LI): Low irrigation

stress on the development of the panicle was
reported as contradictory.

Results showed that the amount of nitrogen
was not significantly different in any treatment, but
it decreased with the decrease of irrigation (Fig. 2).
The amount of forage nitrogen in HI treatment had
the highest amount (averagely 1.4%) and decreased
with the decrease of access to water. Therefore, the
lowest amount upto an average of 1.2% was related

to the treatment of 60% of complete irrigation. The
study of drought stress evaluation on forage quality
of millet forage implied that the highest amount was
related to complete irrigation of plants (Keshavarz et
al., 2013). Considering the reduction of nitrogen due
to water stress, it can be said that one of the most
detrimental effects of water stress is the disruption of
nutrient uptake and accumulation, leading to reduced
crop yields and animal feed, in addition to loss of

291



Nitrogen (%)
cooooRrRrRrEE
ONPOCOCONPO

L ‘MI‘HI‘ L ‘MI‘HI‘ L ‘MI‘HI‘ L ‘MI‘HI‘

Speedfeed Pegah Speedfeed Pegah

1vyear 2 year

Treat

Speedfeed‘ Pegah ‘Speedfeed‘ Pegah

1 year 2 year

Treat

Y
oON

Crude protein (%)

OoON B OO

Speedfeed‘ Pegah ‘Speedfeed‘ Pegah ‘

1vyear ‘ 2 year ‘

Treat

Speedfeed‘ Pegah ‘Speedfeed‘ Pegah

1 year ‘
Treat

2 year

Fig. 2: Variations in chemical properties of the two varieties of sorghum under different irrigation levels in different years. Different
lower-cases for interaction on the bars show significant differences (Duncan, P < 0.05). (HI): High irrigation, (MI): Medium irrigation and
(LI): Low irrigation

fertilizer (Irannejad, 1991). Bock (1984) stated that in
order to absorb nitrogen, it must move in aqueous
solution to reach the roots. Therefore, providing the
right amount of water is one of the most efficient
ways to move nitrate to the roots through the mass
flow. The amount of crude protein differences was
small, so that the values were higher in HI than in
LI, but the values were not significant. Compared to
Pegah variety, Speedfeed cultivar with a 12% increase
had a higher chlorophyll content in both years of
experiment (Fig. 2). According to results, during the
two years of experiment and due to the temperature
difference, the amount of crude protein of sorghum in
both years was nearly 8% higher in natural irrigation
than in the two levels of low irrigation stress applied
in the study. Barati et al. (2015) explored the effect
of low irrigation regimes on barley and showed that
stress reduced the protein concentration. The ash
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percentage of Pegah variety had the lowest amount
in the second year compared to other treatments.
Accordingly, Speedfeed variety in full irrigation
produced about 19% more crude protein than Pegah
variety at 60% full irrigation. The interaction between
irrigation and variety demonstrated a slight difference
among the irrigation regimes in terms of forage ash
percentage of the two sorghum varieties. Therefore,
it could be stated that the ash contents of the two
varieties in the present study were not affected by
irrigation treatments. In a study comparing the
physiological traits of the two sorghum cultivars in
response to water restriction, it was observed that
there was a difference in the leaf chlorophyll content
of the cultivars (Goche et al., 2020). Drought stress
can lead to changes in chlorophyll content and thus
changes in photosynthetic efficiency (Xu et al., 2020).
These findings showed that the effect of water
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stress on plant chlorophyll could be very different
depending on the environmental conditions and
genotype of the plants (Jnandabhiram and Sailen
Prasad, 2012). The superiority of the chlorophyll
content of sorghum over other plants can be
related to its genetic characteristics. There are many
differences between plant species and even different
cultivars of a species in terms of changes in a trait.
Some plants or cultivars of a plant, under drought
stress conditions, can prevent the reduction of leaf
chlorophyll by maintaining the relative content of leaf
water and photosynthetic power (Najafinejad et al.,
2019). Drought stress is a key environmental factor
that inhibits photosynthesis. Drought stress typically
affects the stomatal conductance and photosynthetic
activity in leaves, and since photosynthesis is
necessary for plant materialization, drought
stress reduces photosynthetic efficiency, growth
retardation, and relative growth rate (Maddah and
Farhangian Kashani, 2011). Sorghum can grow and

produce crops in a hot, dry environment that is
unappropriate for most crops. As a result, among the
two varieties, Speedfeed seemed to have a higher
content of cholorophyll under water deficit. The
increase in chlorophyll content at 60% stress in the
second year observed in the present study was in
agreement with the results presented by Goche et al.
(2020).

TOL and HAR indices showed an intensive
tolerance and better performance than MP and GMP
(Fig. 3). Based on TOL and HAR indices, Pegah had the
highest sensitivity to drought stress. The large amount
of TOL index can be a good criterion for selecting the
variety which is tolerant to drought stress. Speedfeed
cultivar appeared to be more responsive to water
shortage in chlorophyll content and photosynthetic
efficiency than Pegah cultivar. Pegah is a relatively late
Iranian cultivar suitable for forage silage production
because of its high soluble sugar content and is
considered genetically pure. Speedfeed is one of
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the varieties of Australian hybrid cultivar modified by
Pacific Seyed Australia. This variety is multi-grained
and is suitable for direct grazing and, in terms of
low sugar content, it is not suitable for producing
forage silage. Compared to Pegah variety, Speedfeed
hybrid variety has a shorter growth period due to its
multiplicity and, except for amount of soluble sugar.
It has also preference over Pegah variety in terms of
some qualitative parameters.

The correlation between the studied traits at LI
level showed a strong negative correlation among the
amount of panicle length, stem diameter and number
of leaves, between the dry weight and chlorophyll
content, and between nitrogen and the number of
leaves (Fig. 4). However, the amount of raw protein
had a strong positive relationship with nitrogen and
the amount of ash in dry weight. According to Abdi and
Habibi (2017), fiber up to a low amount is needed for
forage crops to have a high quality of, but its higher
content can negatively affect the quality of forage. At
Ml level, chlorophyll content and stem diameter were
strongly correlated with dry weight, crude protein,
and nitrogen traits, while the dry matter content was
strongly correlated with crude protein and nitrogen,
and nitrogen content was strongly correlated with
ash. However, at HI level, the dry weight had a
strong negative correlation with chlorophyll and
stem diameter, while a strong positive correlation
was observed between crude protein and nitrogen
and between chlorophyll and ash (Fig. 4). Evaluating
the impact of drought stress through the association
among the traits under different stress treatments
displayed that the drought stress induction had no
significant effect on vyield-related and morphological
traits in sorghum compared to control. However, it was
capable of changing the relationship among the traits,
and this was verified by the correlation plot results.
The results obtaioned by Cho et al. (2006) revealed
a significant reduction in yield and biomass vyield-
related characteristics of sorghum under severe water
shortage conditions. If the moisture content decreases,
the intensity and amount of nutrient uptake would
change. Since some element transfer systems, such
as diffusion, require less moisture to absorb nutrients,
reducing the moisture content to the critical threshold
can trigger the process of absorption and transfer of
some nutrients by the roots. However, other traits,
including mass flow, are highly dependent on the
amount of moisture, and by reducing the moisture,
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the elements would be transferred by the flow and the
process would have a negative absorption (Taize and
Zeiger, 1998; Aravind et al., 2016).

The development of drought tolerant cultivars
suitable for a wide range of agro-climatic conditions,
particularly in arid and semiarid regions, is important
to avoid the adverse effects of water stress.
Forages have a key role in producing protein and
energy required by livestock. In forage selection,
the improvement of forage yield and quality is of
particular importance and one of the main factors
is the introduction of improved cultivars. The results
demonstrated that the quality-related traits were
implicated in stress tolerance mechanisms. These
factors could enhance the nutritional quality of
cereals. The difference between nutrient contents was
non-significant for different irrigation levels. Besides,
the relationships among the studied traits were
affected by the drought stress. The lower irrigation
significantly affected all the tested parameters. The
decrease in fodder yield with drought application
could be attributed to lower plant height, the number
of leaves per plant, stem diameter, and panicle weight.
The yield-related and morphological traits along with
tolerance and susceptibility indices revealed that
the Speedfeed variety exhibited better yield and
quality characteristics against drought stress than
Pegah variety. It could be concluded that Sorghum
variety was compatible against drought stress. Hence,
a mild water stress along with saving water resources
could increase the sorghum quality. This study, among
others, focused merely on the effects of drought stress
occurring at particular plant growth stages. For a more
comprehensive understanding of the characteristics, it
is essential to perform an in-depth study covering the
growth and developmental stages of the whole plant.
Despite the closeness of the ecological characteristics
and nutritional composition of sorghum to those
of corn, the relative advantages of sorghum against
drought stress have led to its significant superiority
over corn. Encouraging farmers and ranchers to grow
sorghum and use this fodder in production units is one
of the important results of this study.
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The occurrence of plastic waste pollution in waters has become
a major issue globally. One of the waters which tend to be polluted with plastic waste such as bags,
food wrappers, and unused fishing nets, is the Krueng Aceh River, which is located in the center of
Banda Aceh city, Indonesia. Microplastics in the rivers potentially contaminate the fish through the
food chains, and are then transferred to humans once consumed. The two species of fish that are
frequently caught by fishermen in the Krueng Aceh River and consumed by the local people are
mullet Mugil cephalus and bagok catfish Hexanematichthys sagor. Both have the potential of being
contaminated with microplastics that enter the river. Therefore, this study aims to analyze the status
of microplastic pollution in mullet M. cephalus and bagok catfish H. sagor harvested downstream of
the Krueng Aceh River, Banda Aceh, Indonesia.

The fish samples were caught in three locations, namely in the river estuary, residential,
and agricultural areas. A total of 50 mullets and 46 bagok catfish were employed for analysis.
Microplastics were analyzed in the digestive tract using a microscope, while waste in the carcass was
detected using the fourier transform infrared analysis.

In mullet, the highest number of microplastic particles were found in fish samples caught
in river estuary (16 particles/fish on average), followed by the sample from residential areas (10
particles/fish on average). Meanwhile, the lowest abundance of microplastic was recorded in sample
near agriculture areas (5 particles/gram body weight). In bagok catfish, microplastic abundance in
samples from the river estuary and residential areas was almost the same, and it ranged from 7-8
particles/fish. The lowest particle number was in bagok catfish caught in the region near agricultural
areas. This study indicated fiber as the most dominant microplastic in the two fish species at all
sampling locations. It also had three colors in the alimentary tract of mullet and bagok catfish,
namely red, blue, and black, which was predominant. The fourier transform infrared spectrum
showed several wavenumber peaks signifying alkane compounds’ presence, which are microplastic
characteristics. Based on the peak values, the presence of two polymer types was suspected, namely
polyethylene, and polypropylene.

Fiber and film microplastics were found in the digestive tract of mullet and bagok
catfish, where the number of particles was most abundant in the mullet. The fourier transform
infrared test was also detected the presence of microplastic pollutants in both species. This indicates
that mullet and bagok catfish in Krueng Aceh River have been contaminated by microplastics and are
not safe for consumption.
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Water pollution is one of the major issues in the
world, and it is often caused by waste from various
sources including industries, oil spills, as well as
anthropogenic waste, such as plastic, which is difficult
to degrade in a short period (Rodrigues et al., 2020).
Plastic waste is often obtained from lands in coastal
areas, where the waste drifts off to open seas, and
some sink to the sea bottom (Depledge et al., 2013;
Hardesty et al.,, 2017; Law, 2017). Furthermore,
Kubota et al. (2005) and Hardesty et al. (2017) stated
that the distribution of plastic debris in the oceans
is caused by currents, tides, and winds. Eriksen et
al. (2014) reported that more than 250,000 tons of
plastic waste have been floating in the ocean, while
Haward (2018) estimated 4.8 — 12.7 million tons of
waste, including plastic. According to Derraik (2002),
approximately 6.5 million tons of plastic waste have
been polluting the ocean since the 1990s. In the
last 4 years, there has been a significant increase in
the volume, which is 16-48 times higher than the
previously recorded value. A similar phenomenon
also occurred in Indonesia, and Purba et al. (2017)
revealed that 68-80% of the waste found in the
Indonesian sea contains plastics, it was higher than
in China approximately 44.9% (Zhou et al. 2011).
According to Hastuti et al. (2014), approximately
165,000 tons of plastic waste have been polluted
the Indonesian water annually. Assuyuti et al.
(2018) reported that its contamination in Pramuka,
Panggang, and Air Islands in Jakarta causes low coral
cover in these areas. Djaguna et al. (2019) stated that
various sizes of plastic waste have been recorded in
the coastal waters of Tongkaina and Talawaan Bajo,
North Sulawesi. Furthermore, Joesidawati (2018)
revealed that sediments in coastal areas near rivers
in Tuban Regency have been contaminated with
microplastics. Takarina et al. (2022) reported that
the surface water and sediment in Jakarta Bay were
contaminated by microplastic. Microplastics in the
sea mostly come from the inland (Browne, 2015;
Duhec et al., 2015; Nur and Obbard, 2014), and this
microplastic contaminate marine biota, including
plankton, benthos, and fish (Smith and Markic 2013;
Wright et al., 2013), and also salt produced from
contaminated seawater (Tahir et al., 2019). Wastes in
the plankton are then transferred into other aquatic
biotas through the food chains once the biotas feed
on contaminated plankton (Mearns et al., 2014). For
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instance, approximately 80% of Sardinella lemuru the
planktivorous fish harvested from Northern Mindanao
Philippines were contaminated by microplastics
(Palermo et al., 2020). This indicates that it has the
potential to cause damage to digestive organs, reduce
growth rates, inhibit enzyme production, reduce
steroid hormone levels, and inhibit the reproductive
process (Wright et al., 2013). Therefore, microplastic
pollution now threatens the health of aquatic
wildlife and humans (Priya et al., 2022). Banda Aceh
is an urban city located in a coastal area with rapid
development. Furthermore, this development is
followed by an increase in population density and
activities, which also increase the production of
waste, including plastics with the potential to pollute
waters. One of the potentially polluted waters is
the Krueng Aceh River, originating from Aceh Besar
District and flowing into the city of Banda Aceh. This
river crosses agricultural, residential, and urban areas
that are densely populated and fond of discharging
wastes into the Lampulo village where there is a fish
landing and fish market. Sources of plastic waste that
have the potential to pollute the Krueng Aceh River
include plastic bags, food wrappers, and unused
fishing nets. According to Evode et al. (2021), stated
that approximately 40% of plastics were used for
packaging materials in various industries. A previous
report by Hadi et al. (2008) showed that the Krueng
Aceh river has been contaminated with heavy metals,
such as Lead (Pb), Cadmium (Cd), and Zinc (Zn) at a
moderate level. A similar report was also published
by Sarong et al. (2015) that oysters (Crassoscrea
sp.) in the estuary of the Lamnyong River, one
of the tributaries of the Krueng Aceh River were
contaminated by these elements, which indicates the
presence of plastics. However, no study has examined
the status of plastic waste pollution in Krueng Aceh. In
this study, microplastic contamination is determined
in two fish species that are often caught downstream
of Krueng Aceh, namely mullet (Mugil cephalus) and
bagok catfish (Hexanmatichthys sagor). This study
is crucial because the local community uses the
bagok catfish and mullets commercially as a protein
source. Yulianto et al. (2020) stated that mullets feed
on algae and detritus at the bottom of the waters,
while bagok is an omnivore. The two species have
the potential to be polluted by microplastics due
to their feeding habit. The current results obtained
can be applied as scientific information to strategize



a better waste management policy, specifically for
plastics waste disposal in urban city of Banda Aceh,
and Indonesia in general. These tend to also become
a theoretical basis for further studies. Therefore, this
study aims to analyze the presence of microplastics
in the digestive tract and carcass of mullet and bagok
catfish harvested in the estuary of the Krueng Aceh
River, Banda Aceh City, Indonesia in 2021. .

Date and sampling

This study wascarried out fromJanuaryto February
2021 at the Laboratory of the Faculty of Marine and
Fisheries, Universitas Syiah Kuala, Banda Aceh. The
fish sample was collected at three stations in the
estuary of Krueng Aceh River. Station 1 was located
at the river mouth close to the fish market, jetty, and
garbage processing station; Station 2 was situated
approximately 7.46 Kilometers (km) from the river
mouth, and was close to the residential area; Station
3 was located approximately 16.10 Kilometers (km)
from river mouth close to agricultural plantations, as
shown in Fig. 1. The fish sample was caught using two
sets of gillnets with the mesh size of 15 millimeters
(mm) and 20 mm with 25 meters (m) length and 1.2
m depth. The sampling was carried out at one-week
intervals for one month. The samples were kept in an
ice box at 4 degrees Celsius (°C), and then transported

to the laboratory in Universitas Syiah Kuala Banda
Aceh for further analysis.

Sample preparation

The fish samples were measured for their total
length using digital calipers and weighed with a digital
balance. The abdomen of the fish was dissected using
scissors, after which the alimentary tract, namely the
stomach and intestine was removed from the body
cavity, and then preserved with 4% formaldehyde
(Jantz et al., 2013). Subsequently, the fish were
weighed, dissected, and their contents were removed
and placed on separate plates. The contents were
then diluted using saturated NaCl three times the
weight of the stomach and intestines.

Microplastics and data analysis

Approximately, 1 milliliter (mL) of the stomach
and intestines content that was diluted with NaCl was
taken and then placed on a sample plate. The sample
was observed with the eye naked, where microplastic
particles that are visible were separated from the rest.
Meanwhile, those that are invisible were identified
using stereo and binocular microscopes at 40x and
100x magpnification. The microplastics obtained were
then measured in size, followed by identification of
their type and color. The abundance of microplastics
was also calculated based on Boerger et al. (2010).

Fafifar Can =
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Christmas lsland (Austraiia)
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Fig. 1: Geographic location of the Indonesian archipelago showing the sampling location (red dots) from the river mouth to agricultural
plantations
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Table 1: The average abundance of microplastic at the alimentary tract of mullet Mugil cephalus and bagok catfish Hexanematichthys sagor
according to location and type of microplastics

The average

Type of microplastic

Species Sampling site N* weight of fish Particles/ fish Particles{
(&) Fiber Film gram of fish

River mouth 20 78 8 8 16 0.21

M. cephalus Residential 15 106 5 5 10 0.10
Agricultural 15 85 3 2 5 0.06
River mouth 16 118 4 4 8 0.07

H. sagor Residential 15 136 4 3 7 0.05
Agricultural 15 129 2 1 3 0.02

*N= number of fish sample

Table 2: The average abundance of microplastic at the alimentary tract of mullet Mugil cephalus and bagok catfish Hexanematichthys sagor
according to the location and colour of microplastics.

Colour of microplastic (Particles/ fish)

. L . %
Species Sampling site Fish sample (N*) Red Blue Black Total
River mouth 20 4 4 8 16
M. cephalus Residential 15 2 3 5 10
Agricultural 15 1 1 3 5
River mouth 16 1 3 4 8
H. sagor Residential 15 1 2 4 7
Agricultural 15 1 1 1 3

*N= number of fish sample

FT-IR analysis

The type of microplastic polymer in fish carcasses
was detected using Fourier Transform Infrared (FT-IR)
spectroscopy with the KBr (Potassium Bromide) pellet
method (Nor and Obbard, 2014). The wavelength
spectrum of the polymeric produced by FT-IR was
analyzed using a software to read the spectrum and
then compared to the standard spectrum from the
plastic polymer database using Euclidean Distance to
determine the type of polymer in the sample (Lusher
etal., 2013).

Data analysis

The data were presented in the tables and figures,
followed by descriptive analysis using comparison
with the previous reports and other related
references.

A total of 50 mullets and 46 bagok catfish were
caught from three sampling sites. The results showed
that in mullet, the highest number of microplastic
particles was found in samples caughtin the river mouth
close to the fish market and garbage processing station,
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namely 16 particles/fish on average, followed by the
residential areas with 10 particles/fish on average. The
lowest value was recorded at the sampling site close
to agriculture areas, namely 5 particles/fish. In bagok
catfish, the abundance of microplastics in samples
from the river mouth and residential areas was almost
the same, and it ranged from 7-8 particles/fish. The
lowest abundance of microplastic (3 particles/fish) was
in catfish caught in the region near agricultural areas,
as shown in Table 1.

The fiber was the most dominant microplastic in
the two species of fish at all sampling locations. It also
had three colors in the alimentary tract of mullet and
bagok catfish, namely red, blue, as well as black, which
were predominant, as shown in Table 2.

The results showed that the size of microplastics in
the mullet ranged from 20 micrometers (um) to 120
pum, and from 20 um to 80 um in bagok catfish, where
the dominant size was 20-40 um in both species, as
summarized in Table 3.

FT-IR analysis on the carcass of both fish species
showed that the wavenumber of 3,570/cm — 3,200/
cm, indicated that there was a peak of OH stretch. The
range of 2,935/cm — 2,915/cm indicated the presence



Table 3: The size ranges of the microplastic found in the alimentary tract of the mullet Mugil cephalus and bagok catfish Hexanematichthys
sagor according to location.

Sampling site (Particles/ fish)

Fish species Microplastic size Total
River mouth Residential Agricultural
<20 pm 5 3 2 10
20-40 um 7 5 3 15
M. cephalus 40-60 pm 2 1 - 3
60-80 um 1 1 - 2
80-120 pm 1 - - 1
<20 um 2 2 1 5
20-40 pm 4 4 2 10
H. sagor 40-60 pm 1 1 - 2
60-80 pm 1 - - 1
80-120 pm - - - -
60
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Fig. 2: The graph of the FT-IR analysis of carcass of (a) the mullet Mugil cephalus, and (b) bagok catfish Hexanematichthys sagor

of a peak of C-H stretch with strong intensity, while and mullets contained more pollutants than the bagok
1,375-1,450 showed CH, bending. A sharp and strong catfish in all sampling sites.

peak also occurred at 1,740/cm due to C=0 from acid, The highest number of microplastic particles
as shown in Fig. 2. Therefore, the study showed that were found in fish samples caught in the river mouth
mullet and bagok catfish harvested from Krueng Aceh area, followed by a site close to residential areas. The
River estuary were contaminated by microplastics, plastic waste in the river mouth mostly comes from
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the garbage processing station and market near this
site. The pollutant is blown by the wind into the river,
and eaten by fish accidentally or through the food
chain, for instance, plankton and other small fish that
have been contaminated by microplastic. In sampling
locations close to the residential area, the waste
produced is often organic waste mixed with plastics.
People who live on the banks of the river have a bad
habit of throwing garbage directly into the water.
Some of the waste are carried by the current to the
river mouth, and this increases the plastic content of
fish in this region, as recorded in this study. The study
showed that the abundance of microplastics in the fish
from Krueng Aceh river ranged from 10 -16 particles/
fish. The stated values were higher than in fish from
the Bengal Bay up to 2.2 particles per fish (Gosh et
al., 2021). Conversely, they were lower compared
to fish harvested from Great Lake, North America
namely 35-59 particles/fish (Munno et al., 2021),
and in cultured fish at the Pearl River estuary, South
China, namely 35 particles/fish (Lam et el., 2022). In
general, microplastic pollution in freshwaters such
as rivers and lakes is greater than in the sea because
freshwater is very intense and close to community
activities, inlcuding industrial and residential areas
(Rezania et al., 2018). The results showed that two
types of microplastics were found, namely fiber, and
film. These particles were most likely produced from
used plastic bags, food wrappers, and gillnet that were
dumped by fishermen into the river. This is because
the first location (river mouth) was also close to the
fish landing jetty. Napper et al. (2022) stated that
fiber can be sourced from boat ropes and fishing gear
discarded by fishermen. A’'yun (2019) reported that it
was dominantly found at the mouth of the Begawan
Solo river, Gresik, Indonesia, which is a site for fishing
boat mooring. Nor and Obbard (2014) also stated that
fiber was produced from the degradation of various
types of gillnet and boat ropes that broke down into
the waters, and settled in the sediment. Pivokonsky
et al. (2018) revealed that it is the most common
morphotype of microplastics found in water samples.
The abundance of microplastics in water depends
on their density, where low-density particles, such
as Polyethylene (PE) and Poly Propylene (PP) float in
water, while others with high density, including High-
Density Polyethylene (HDPE), tend to sink and be
deposited in sediments (Sul and Costa, 2014). The PP
and PE have densities of 900 kg/m? and 857 kilograms
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per cube meter (kg/m3), respectively, while the density
of surface water ranges from 1001.50 - 1021.33 kg/
m3. It was suspected that the microplastics found
at the sampling sites mostly belonged to the PE and
PP group, which came from used plastic bags, nylon
gillnet, and fishing lines discarded by fishermen as
mentioned above. Saleem et al. (2018) stated that
these two categories are the most common plastic
waste (Saleem et al., 2018), and these microplastics are
frequently found in the waters in the forms of film and
fiber (Liu et al., 2022; Zhang et al., 2019). Microplastic
contamination in fish occurs through plastic waste that
is eaten by fish accidentally. These particles cannot be
digested and are difficult to discharge, hence, these
wastes are left in the alimentary tract and absorbed
into the tissue (Yona et al.,, 2020). This finding is
in line with the FT-IR analysis, where microplastics
were detected in the carcass (muscles) of the two
species. The results showed that the abundance of
these particles in the digestive tract of mullet was
higher than that bagok catfish. This is caused by the
feeding habit of mullets as detritophages (Jamabo
and Maduako, 2015), and the mullet fed on detritus
mixed with plastic waste at the bottom of the waters.
Therefore, it was suspected that the sediment of the
Krueng Aceh has also been polluted by microplastics.
A series of studies are currently being carried out to
examine this speculation. Black microplastics were the
dominant particles in all fish samples due to their long
duration in the waters or in the digestive tract of fish,
and the color changed because of the discoloration
process. Microplastics with dark colors probably
come from polyethylene polymers, which have low
density and are the main material for plastic bags and
container production (GESAMP, 2015). Hidalgo-Ruz
et al. (2012) stated that the dark coloration indicates
the presence of many contaminants and other organic
particles. The dark microplastics have a high ability to
absorb pollutants (Basri et al., 2021; Shuo et al., 2021),
including polycyclic aromatic hydrocarbons (PAHSs),
which are commonly found in aquatic ecosystems.
Phenanthrene compounds (Phe) are one of the PAHs
reported being toxic in fish and humans (Karami et al.,
2016). Therefore, when these microplastics absorb the
pollutants, their texture becomes coarse and dense
(Hiwari, 2019). All types and colors of microplastics
are harmful to health, but it was suspected that dark
particles are more toxic because its contain higher
pollutants. Sugandi et al. (2021), and Ghaffar et al.



(2022) reported that microplastics harm human health,
including causing brain inflammation. This compound
can also cause oxidative stress, which is a condition
where the number of free radicals in the body exceeds
the limits. Microplastics can also enter the intestines
through food, and interfere with the digestive system
(Hollman et al., 2013). The microplastic in the digestive
tract is then further absorbed, then enters the blood
circulation to cause cancer, diabetes, skin irritation,
cardiovascular disease, as well as respiratory and
reproductive problems (Murray and Cowie, 2011;
A'yun, 2019). The results showed that the size of
microplastics varied in fish samples, where the
dominant size was 20-40 pm. According to Ng and
Obbard (2006) and Barnes et al. (2009) microplastic of
sizes 1 um to 500 pum are commonly found in seawater.
It was influenced by several factors, one of which
is the duration of time in the waters. The longer the
time taken, the more it decomposes, which makes
the size becomes smaller. Small microplastics are
easier to enter the body because they are difficult to
detect (Lim, 2021). The FT-IR analysis showed that
the carcass of mullet and bagok catfish harvested
from Krueng Aceh River have been contaminated by
microplastics. The spectrum of the FT-IR shows several
wavenumber peaks indicating the presence of alkane
compounds, which are characteristic of microplastic.
Based on peak values, it was suspected that there are
two types of polymers present, namely polyethylene
(PE) and polypropylene (PP). This was indicated by
the peak wavenumber in the range of 2,935-2,915
cm?, which shows the presence of CH stretch bonds
and 1,375-1,450 cm™ for —CH, bending. The CH bond
can be used as an indication of the presence of PE and
PP (Syakti, 2017). The PE was produced from plastic
bags, detergent packages, and shampoo bottles, while
PP can be obtained from bottle caps, straws, buckets,
and plastic toys (Barron and Spark, 2020; Hoseini and
Bond, 2022).

Presently, the Krueng Aceh river in Banda Aceh city,
Indonesia is potentially polluted by domestic wastes
including microplastics. Similar to other urban cities in
Indonesia, unresponsible people use rivers as a place
for direct waste disposal without any processing it.
Previous study has also reported the contamination of
biotas such as the oyster Crassostrea gigas from this

river with heavy metals. The current study examined
microplastic contents in the two dominant fish species
found in the downstream of Krueang Aceh river, namely
the mullet M. cephalus, and the bagok catfish H. sagor.
The fish samples were collected from several locations
in the downstream river of Krueng Aceh. The digestive
tract of both fish was discovered to be contaminated
with microplastics. The highest particle content was
found in mullet and bagok catfish caught at the river
estuary. There were two types of microplastics in this
study, namely film and fiber. The dominant particle
was black with a size range of 20 - 80 um. The FT-IR
analysis spectrum of the carcass mullet and bagok
catfish samples showed several wavenumber peaks.
This indicates Alkane compound’s presence as a
characteristic of microplastics with two polymer
types, namely Polyethylene, and Polypropylene which
mean the fish are not safe for consumption. Therefore,
a better management strategy needs to be planned
for the Krueng Aceh river by developing the laws and
socializing with the people followed by consistent
law enforcement. In Banda Aceh, even in Aceh
province, a plastic waste recycling facility should be
built immediately as an effort to reduce plastic waste
disposed into the environment. The policy of selecting
wastes based on their type and form also needs to be
implemented to ensure plastic waste are separated
and then recycled. In the short term, the obtained
results have to be socialized to people in Banda Aceh
that the two studied fish species and possibly other
species living in this river are not safe for consumption
because their microplastic content is harmful to health.
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Heavy metals can enter the food chain in the aquatic
environment and become available for accumulation in biota. Industrialization and
agricultural developments are progressively causing ecological concerns, which must be
addressed. This study aimed to ascertain the heavy metals in Tamiraparani River sediments
using contamination factor and contamination degree, which would help administrative
bodies implement control measures. For heavy metal analysis, this study is unique in that it
focuses on the far downstream, where the sediment deposition is higher.

Using an atomic absorption spectrophotometer, the abundance of iron,
manganese, copper, and chromium was determined in this study. In this study, the heavy
metals in the sediments are selected on the basis of previous studies. Additionally, to assess
sediment pollution status, contamination factor, contamination degree, and pollution load
index were used. Furthermore, a geographical information system was used to analyse
the temporal variations of heavy metals in the sediments for different spatial locations
downstream of the river.

The study revealed that iron > manganese > chromium > copper concentration
ranges from 3838 to 853, 68 to 7.8, 8.3 to 0.5, and 5.6 to 0.26 milligram per kilogram,
respectively. The contamination factor ranges from 0.006 to 0.093 among all the sampling
locations, heavy metals, and seasons, indicating that the pollution is in a low-level category.
The contamination degree ranges from 0.039 to 0.378 among sampling stations and seasons,
also indicating low-category pollution. The pollution load index value ranges from 0.004 to
0.092, which is less than 1 (guideline value), indicating less pollution impact. The seasonal
variation shows that the post-monsoon is highly polluted because of the excessive sediment
deposit from upstream after monsoon rainfall.

The contamination factor and contamination degree are within the acceptable
limit. However, they are in an increasing phase during monsoon seasons, which indicates that
heavy metals are from industries and are built up along the river banks upstream. Additionally,
chromium and copper are in high concentrations during post-monsoon (chromium = 6.643,
copper = 5.636) than during pre-monsoon because of anthropogenic activities and industrial
waste discharge into the river stream.
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The accumulation of heavy metals in sediments
in rivers is drastically increasing because of various
industrial and anthropogenic activities on the river
banks. Pollution due to heavy metal sediments in
water is a serious issue, and it is drawing international
attention. Hence, sediments have been widely
considered a heavy metal source because of their
biogeochemical association (Annammala et al.,
2021). These complex biogeochemical association
mechanisms indicate pollutant availability, mobility,
and toxicity in sediments. Therefore, heavy metals
are bioaccumulated in sediments because of their
slow removal rates and in turn biomagnified, which
is posing serious health risks to humans and aquatic
organisms (Ramesh and Nagalakshmi, 2022). It
is known that there are various sources for the
generation of heavy metals, in which weathering of
rocks (Hu et al., 2013), untreated sewage, untreated
industrial effluents, agricultural runoff, metal leaching
from garbage (Michael et al., 2022), and solid waste
heaps are the major sources for the same (Reymond
and Sudalaimuthu, 2021). The discharge of sewage,
untreated or partially treated industrial effluent, and
agricultural waste accumulated in the river, which
disturbs the natural balance of theriverine system and
eventually creates problems across the globe (Kumar
et al., 2013). Various researchers have been using
advanced instruments such as inductively coupled
plasma—optical emission spectrometry and graphite
furnace atomic absorption spectroscopy (AAS) and
AAS for analyzing heavy metal pollution in sediments
for more than decades. Magesh and Chandrasekar
(2014) have used AAS in their study for the detection
and quantification of chemical elements relying on
the absorption of optical radiation (light) by gaseous
atoms. The aforementioned high-end sophisticated
instruments are used extensively to determine the
presence of toxic metal in sediment from the river
sample. In the current scenario, the advent of remote
sensing and geographical information system (GIS) is
inevitable for analysing the spatiotemporal variation
of heavy metals in the water body. Skordas et al.
(2015) have used GIS in their study to analyse the
spatial distribution of heavy metal concentration in
sediments. Recently, GIS software has been used
in the spatial modelling field, and several studies
in interpolation analyses for zoning contamination
sites have been conducted (Brady et al., 2015). GIS
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is evolving as the most essential tool for researching
environmental geochemistry issues (Kuchelar et al.,
2022). Using GIS, numerous studies have directly
addressed whether reported contamination is a
result of natural sources or anthropogenic (Sojka et
al., 2018). The indices contamination factor (CF) and
contamination degree (CD) are used to evaluate the
impact of anthropogenic activities. The CF is clear
and concise, and a single-index indicator was used
to assess metal contamination. It gives a ratio of an
element at the sampling site to the same element
at a background site, as well as a reference value
(Said et al., 2019). Generally, sediments have been
used as environmental indicators, in which, their
ability to monitor contaminants and identify heavy
metal contamination sources is well documented.
Additionally, the pollution load index (PLI) is used
to determine the overall toxicity and quality of the
sediments; moreover, it is utilized effectively to
determine the consequence of the contribution of
the metals like chromium (Cr), copper (Cu), iron (Fe),
manganese (Mn), and zinc (Zn) (Khorasanietal.,2013).
According to the literature, metal accumulation in
sediments is strongly influenced by the nature of the
substrate as well as the physiochemical characteristics
controlling dissolution and precipitation (Vaezi et al.,
2015). The Tamiraparani River receives a significant
quantity of effluents from numerous industries like
fertilizer production, petrochemicals, rice mills,
copper smelting plants, mineral-based industries,
coal-fired power stations, and other sources as it flows
through the industrial area. The literature shows that
although few studies were conducted to determine
the heavy metal sediments in the Tamiraparani River,
no studies have been done downstream of the river
(Bai and Reji, 2015). Generally, the heavy metals in
the sediments especially in the flood plains interact
with the surrounding ecosystem and accumulate in
it. Most times directly or indirectly it affects human
health by creating skin diseases, cancers, and other
harsh diseases. Hence, this study primary focused on
the heavy metal analysis at the downstream delta
region of Tamiraparani River where the sediment
deposits are at their maximum. The catchment
region has many industries and cities discharging
untreated effluent into the Tamiraparani River,
creating the dissolving of heavy metals and gradually
it is adsorbed by the sediments and get deposited
in the downstream deltaic regions. Therefore, this



study focused on the spatiotemporal analysis of the
heavy metals in the sediments of the deltaic region
of the Tamiraparani River using various pollution
assessment indices such as CF, CD, and PLI. The visual
representation and spatial analysis are carried out
using GIS techniques (Vaezi et al., 2014). To fulfill
the expected outcome of the study, the following
objectives are framed: i) sampling and laboratory
analysis to derive the toxic metals of the study area;
i) assessment of the contamination levels through
indices such as CF, CD, and PLI; and iii) spatiotemporal
variation analysis using geospatial techniques to
monitor the heavy metal pollution levels in sediments
for Tamiraparani River. This study has been carried
out in the Tamiraparani River of India in 2020 and
2021.

Study area

The study area is the Tamiraparani River (Fig. 1),
which is the only perennial river providing drinking
water for Tirunelveli and Tuticorin districts. It lies
between 78°4’8.4" and 78°5'20.4"E longitudes and

8°37’33.6"” and 8°3813.2"N latitudes of Thoothukudi,
Tamil Nadu. Thoothukudi is well known for pearl
fishing, coral reefs, industries, minerals, and salt pans
(Okedeyi et al., 2014). It has one of the oldest ports in
the world. The river extends approximately 126 km in
the mountains and plains, covering a catchment area
of 5369 km?. For the present study, 6 km from the
downstream was considered. This area has a semiarid
tropical wet climate and is characterized by South West
and North East monsoons, with the annual rainfall
ranging from 1000 to 1100 mm. The temperature
and wind velocity vary from 20°C to 38°C and 2.8
to 35.5 km/h, respectively (Mukesh et al., 2018).
The major rock types found in the area are garnet—
biotite—sillimanite gneiss, calc—granulite, quartzite,
and charnockite groups; limestone of the khondalite
group; and migmatite complex of the Eastern Ghats
super group. The area has four dominant soil textures,
namely, loamy, fine loamy, coarse loamy, sandy, and
fine sandy. The main sources of pollution in the study
area includes wastewater from residence, industries,
agricultural activities, and sand mining (Nayagam

N

W {; E INDIA
5

0 500 1,000 2,000

—— — KM

0

—_— e— K

N

TAMIL NADU
W«%E

S

T
g
.

100 200 400

N
\/

Y
N STUDY AREA SA e SD
W#E o e
! ol
87
: e
y * Sample poinls
.81 Tamirabarani River
0 025 05 1
N K

Fig. 1: Geographic location of the study area in the Tamiraparani River in India
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et al., 2019). Fig. 1 shows the downstream of the
Tamiraparani River as a study area.

Sample collection

Study area delineation was carried out from the
Top sheet, a scale of 1:50,000 with the help of the
Aeronautical Reconnaissance Coverage Geographic
Information System. Delineation of the study area
includes geo-referencing of top sheet followed
by onscreen digitization. Successively, sediment
sampling from the field was carried out as per the
standard procedures, and their locations were
marked using global positioning system. The sampling
primarily focused on downstream, and the location
was chosen based on reconnaissance surveys such
as potential pollutant sources, sites with inhabitants,
and significant human activities (Pandey et al., 2015).
Eventually, the sediment samples are collected from
Authoor, Mukkani, and Sernthamangalam from the
study area. The Sernthamangalam area contains the
mineral separation industry at a distance of 1.2 km
from the riverbank (Singh et al., 2017). To study the
seasonal variation of heavy metals in river sediments,
the sampling was carried out in three stages, namely,
pre-monsoon, post-monsoon, and monsoon seasons.
Hence, samples were collected during pre-monsoon
(July 2020), monsoon (November 2020), and post-
monsoon (March 2021). The Van Veen grab sampler
was used for sampling the sediments from the river
bed, and the samples were packed and tagged
properly before laboratory analysis. The collected
samples were refrigerated at 4°C for further analysis
(Perumal et al., 2021). Table 1 presents the details
of the sampling stations along with the observed
activities.

In the three seasons, a total of 75 surface
sediment samples were collected. Additionally, five
composite samples were collected at each station in
the respective season to reduce sampling error.

Sediment digestion and heavy metals analysis

The sediments were air dried in a hot air oven at
60°C for 24 h and powdered using mortar and pestle
and sieved through a 63 um sieve. The fraction that
settled was referred to as sand, whereas the fraction
that passed through the sieve was referred to as clay
and silt. The samples were placed on a clean and
waterproof board and divided into four parts, with the
diagonal portions mixed and quartered again until a
homogeneous sample was obtained (Chenetal., 2012).
Homogenized subsamples of 1 g were subjected to the
digestion process. In a Teflon bomb, 1 g homogenized
subsample and 1 mL aqua regia (mixed concentrated
acid of HNO, and HCl in a ratio of 1:3) were mixed with
6 mL hydrogen fluoride; the Teflon bomb was keptin a
95°C hot water bath for approximately 2.5 h. During the
digestion process, fluorides from unreacted hydrogen
fluoride precipitate were added to the solution, to
re-dissolve the precipitated boric acid crystals (Guo
et al., 2016). Then, distilled water was added to the
digested samples in a 100 mL volumetric flask and
filled to the mark. After centrifuging, the heavy metals
were determined via AAS, Thermo Fisher Scientific,
designed in the United Kingdom and manufactured in
China (Model-ICE 3300). All the chemicals used were
of analytical grade. The reagent blanks were included
in each analysis. All absorbance readings were taken
thrice. The results were presented in milligrams per
kilogram of the dry mass of sediments (Jaishankar et
al., 2014). The experimental analysis of the sediment
samples was conducted using the AAS instrument.
Samples were analysed for heavy metal concentrations
such as Cr, Cu, Mn, and Fe for the pre-monsoon, post-
monsoon, and monsoon months.

Pearson’s correlation matrix

Pearson’s correlation was performed for the
different metals under consideration to see if there
was any correlation between them. Table 2 shows the
outcomes.

Table 1: Details of the sampling places in the Tamiraparani River

Sampling

] Place Latitude Longitude Observations/activities
station
s1 Authoor 8.626° 78.069° Agricultural, ba.thlng and washlng, sewage
outfall, and solid waste dumping
S2 Mukkani 8.630° 78.073° Agricultural, sewage outfall, and Brick kiln
S3 Shasta Thirukkovil 8.634° 78.079° Agricultural, sewage outfall, and Brick kiln
S4 Sernthamangalam 8.636° 78.082° Mineral separation industry
S5 Sri Pathirakali ammankovil 8.637° 78.089° Mineral separation industry




Table 2: Correlation matrix of heavy metals

Heavy metal Cr Fe Mn Cu
Cr 1
Fe 0.979849 1
Mn 0.993816 0.969517 1
Cu 0.982353 0.942409 0.986026 1

Table 3: Sediment quality according to contamination factor and contamination degree

Cr Cq Class Quality of sediment
C<1 Ci<6 1 Low pollution
12C=23 62Cys212 2 Moderate pollution
32C26 122Cys224 3 Considerable pollution
C>6 Ca>24 4 Very high pollution

In this study, Cr, Fe, Mn, and Cu all had significant
correlation coefficients, indicating that they have
closely associated origins and may be influenced
by an exclusive factor. Cu had a strong positive
relationship with Cr and Mn and, to a lesser extent,
Fe. Heavy metals are present due to anthropogenic
sources such as municipal and industrial wastewater,
but agricultural wastewaters are the original sources
of copper.

Contamination factor and contamination degree
Followed by the experimental analysis,
contamination factor (Cj,) and contamination degree
(C,) were estimated to analyse the intensity of the
pollution in the study area. CF and CD were calculated
by using Egs. 1 and 2, respectively (Islam et al., 2015).

Cf = Sediment metal content/Background metal
content (1)

The evaluation of contamination of sediments by
heavy metals is generally carried out by determining
CF and CD. The sum of all contamination factors is
used to calculate the contamination degree (Islam et
al., 2015). Sediment quality is categorized according
to CF and CD values represented in Table 3.

C,=C,+C,+C, (2)

Eventually, spatial analyst tools named the Inverse
Distance Weighted Interpolation Techniques from
GIS techniques were used to prepare the geospatial
pollution vulnerability map of the study area.

Pollution load index

The PLI is a popular approach for determining the
toxicity level of sediment. The succeeding formula
was employed to calculate PLI using Eqg. 3 (Islam et
al., 2015).

PLI = (CF, X CF, X CF, X ... X CF )", 3)

Where, CF denotes the contamination factor and
n denotes the number of metals considered for the
derivation of the resultant. PLI values greater than 1
indicate heavy metal pollution, whereas PLI values
less than 1 indicate no pollution (Rakib et al., 2021).

Heavy metal concentration

AAS instrument was used to analyse trace metal
concentrations in sediments for the various season
such as pre-monsoon, post-monsoon, and monsoon
seasons, and Fig. 2 presents the results. It was revealed
that the highest concentration as 3837 milligram
per kilogram (mg/kg) and the lowest concentration
(2275 mg/kg) of Fe were found in Station 5 at post-
monsoon and Station 1 at pre-monsoon, respectively.
The reason behind the higher concentration of Fe
was due to lithogenic and detrital components in
the sand. The experimental analysis shows that Mn
levels were higher (68.1 mg/kg) at Station 5 during
post-monsoon and lower (48.1 mg/kg) at Station 1
during the pre-monsoon. It is caused by the influence
of industrial effluent and farming activities near the
study area. The aforementioned sampling location
recorded the highest (5.6 mg/kg) and lowest (4.4 mg/
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Fig. 2: Seasonal variation of Cr, Fe, Mn, and Cu in sediments

kg) concentration of Cu during post-monsoon and
pre-monsoon respectively. Additionally, the highest
(8.3 mg/kg) and lowest (5.2 mg/kg) concentrations
of Cr were at Stations 5 and 2, respectively. All the
heavy metal values are within the acceptable range,
in comparison with Indian, European, and American
standards.

In terms of the ratio of concentrations between
pre-monsoon and post-monsoon, the result shows
that Cr has the highest increase rate, which is 6.643,
followed by Cu with a rate of 5.636. The other two
heavy metals, i.e., Fe and Mn, showed mild increases
of 2.456 and 4.696, respectively. The finer sediment
deposits in the farthest downstream end and thus
have higher adsorbed heavy metals. This becomes
the reason for higher concentrations of heavy metals
in the downstream and least in the upstream. In
this study, Cr, Fe, Mn, and Cu all had significant
correlation coefficients, indicating that they have
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closely associated origins and may be influenced
by an exclusive factor. Cu had a strong positive
relationship with Cr and Mn and, to a lesser extent,
Fe. Heavy metals are present due to anthropogenic
sources such as municipal and industrial wastewater,
but agricultural wastewaters are the original sources
of copper. Table 4 shows comparative concentrations
of elements in Tamiraparani River sediments.

Spatial distribution analysis

GIS technology has been used in this study to
understand the geospatial variation of heavy metals
in sediments. A GIS-based kriging tool has been used
to interpolate the heavy metals in sediments for
analysing and developing spatial variation maps of
the same at the study area. Fig. 3 depicts a spatial
variation concentration map for various seasons. It
was revealed that the concentrations increase from
upstream to downstream and the dry season had
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Table 4: Trace metal presence in Tamiraparani river sediment with statistical analysis (Bhaskar et al., 2016)

Heavy metals (mg/kg)

Data cr Fe Mn Cu
Mean 3.6 2033.1 333 2.64
Deviation 2.92 970.2 233 2.2
Minimum 0.5 853 7.8 0.26
Maximum 8.3 3837 68.1 5.6
IRSA" 87 29000 605 28
WRSA’ 100 48000 1050 100

*Indian river sediment average (IRSA); world’s river sediment average (WRSA)
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Table 5: Contamination factor of collected samples during various seasons

Station Pre-monsoon Monsoon Post-monsoon
number Cr Mn Fe Cu Cr Mn Fe Cu Cr Mn Fe Cu
1 0.006 0.009 0.018 0.006 0.022 0.023 0.028 0.037 0.057 0.057 0.048 0.098
2 0.006 0.012 0.020 0.008 0.024 0.027 0.032 0.043 0.065 0.062 0.054 0.102
3 0.009 0.014 0.022 0.012 0.034 0.035 0.038 0.053 0.071 0.068 0.065 0.115
4 0.011 0.016 0.029 0.021 0.045 0.038 0.048 0.062 0.084 0.075 0.078 0.104
5 0.014 0.017 0.033 0.022 0.052 0.055 0.052 0.072 0.093 0.080 0.081 0.124
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Fig. 4: Contamination factor of Cr, Cu, Fe, and Mn in sediments

the largest concentration, followed by the monsoon
and pre-monsoon seasons. Furthermore, the figure
revealed that all the heavy metals such as Fe, Cr, Cu,
and Mn in the sediments have higher concentrations
at the estuary of the river. It was also observed that
the patterns are similar for all the metals in all the
seasons. The least values are observed at Station 1
and average from Stations 2 to 4 and the maximum at
Station 5. Generally, it was observed from the study
that hydrodynamic conditions impact the spreading
of heavy metals in the sediments downstream of the
study area.
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Contamination factor

(o has been used to determine heavy metal
concentrations in sediments. With the reference to
CF-derived concentrations as shown in Table 5, the
concentrations are less than 1. As per the study, C
< 1 is considered no contamination (Aradpour et al.,
2020).

The CF values for all the elements in the monsoon
season ranged over the interval of 0.022—-0.072. The
highest value of 0.022 for Cu at Station 5 and the
least value of 0.006 for Cr and Cu at Station 1 were
detected in the pre-monsoon season. The maximum



value of 0.072 for Cu at Station 5 and the least value
of 0.022 for Cr at Station 1 were observed in the
monsoon season. The highest value of 0.124 for Cu at
Station 5 and the least value of 0.048 for Fe at Station
1 were observed in the post-monsoon season. The
CF for Cu is higher than the other elements in all the
stations.

Additionally, Fig. 4 presents the CF on different
heavy metals for various seasons. It was revealed from
the figure that heavy metal concentration is increasing
downstream in all three seasons. The post-monsoon
season had higher heavy metal concentrations than
the other two seasons due to higher deposition
of heavy metals. It is also revealed that due to the
disintegration of rocks and anthropogenic activities,
downstream had higher trace metals accumulation in
sediments.

Contamination degree

The contamination degree (C)) is derived with
reference to CF and depicted in Fig. 5. It was
understood that the CD values for Cr, Mn, Fe, and Cu
in all the studied locations are <6 and fall in the low
pollution category. The maximum values of CD for all
the heavy metals were observed at Sernthamangalam
in the post-monsoon season, and the minimum
values were recorded at Authoor in the pre-monsoon
seasons.

All the stations in the pre-monsoon season
revealed a low contamination degree. The maximum
CD was observed in post-monsoon at Station 5. The
highest value of 0.378 was observed at Station 5 in

the post-monsoon season, and the lowest value of
0.039 at Station 1 was detected in the pre-monsoon
season. The resultant was the same as downstream
showing higher concentrations of heavy metals in
post-monsoon than the rest of the season.

Fig. 6 shows the CD spatial variation map of the
study area. This figure shows that the lowest CD was
found at Stations 1 and 2, the medium CD was shown
at Station 3, and the highest CD was identified at
Stations 4 and 5, regardless of the season.

Pollution load index

Fig. 7 displays the PLI results for each sampling
station. It was indicated that the heavy metals are
increased in sediments during post-monsoon than
in other seasons. However, the overall impact is
less as per the guideline’s values of PLI is less than
1 in sampling locations. The compaction factor,
contamination degree, and PLI all show an increasing
trend from pre-monsoon to post-monsoon through
monsoon seasons. The reason behind this is that
the sediments are lowered during pre-monsoon and
start to increase in the flood of monsoon. Later in
the post-monsoon, all the sediments started to settle
down, which arrived freshly from the upstream of the
Tamiraparani River.

Interpretation

This study intends to determine the presence
of toxic metals in sediment through CF, CD, and PLI
from downstream of the Tamiraparani River. As per
Magesh et al. (2016), due to channel topography
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and soil erodibility, the deposition of sediment is
higher downstream of the study site. According
to the derived contamination factor, in the study
region, the highest index was 0.124 for Cu at Station
5. Magesh et al. (2017), in their study carried out
in the Tamiraparani River, have identified that Cu
concentration is contributed higher because it is
rich in calcareous in nature and observed that the
elevated lead (Pb) is due to port activities and nearby
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thermal power plant. Shanbehzadeh et al. (2014),
in their study carried out in the same area, have
determined the contamination factor specified as
low to moderately contaminated except for CD at
Tamiraparani River. The maximum concentrations of
heavy metals such as Fe, Mn, Cu, and Cr were detected
in sample areas amassed immediately downstream
of the Station 5, where approximately 58% of the
industrial activities are located, as well as the lower



portions of the river’s Station 4 (Bhuyan et al., 2017).
However, it was observed from another study, that
higher concentrations of Cd and Pb were found in
the downstream direction of the Tamiraparani River
due to high pH, salinity, and anthropogenic pollution
during the winter season (Silva et al., 2014). According
to the research carried out by Feng et al. (2012), the
pollution intensity determined using enrichment
factor exhibited that Zn, Pb, and cadmium (Cd) were
found at the estuary of Tamiraparani River due to
unrestricted anthropogenic activities. The analysis
revealed that heavy metal concentrations of Fe range
from 853 to 3837 mg/kg in the study area, whereas
the result obtained from the Benin River in Nigeria
showed that the values range from 867.8 to 7195.0
mg/kg (Tao et al., 2012). Furthermore, Arisekar et
al. (2020) from Nigeria completed their analysis of
sediments in soil, in which they observed that Fe
concentration is higher. Additionally, they revealed
that a high quantum of chromium reaches rivers and
streams mainly because of wastewater and metal-
containing products in the river. The quantity of these
metals is predicted to reveal long-term exposure of
sediments to several activities, such as organic waste
and the surrounding chemical plants. Tuticorin is
well known for chemical-, fertilizer-, and mineral-
based industries (Zhang et al., 2019). The release of
industrial wastes from surrounding petrochemical
and copper smelting industries into the river has
amplified the concentration of these metals in
sediments. Fertilizers, pesticides from agricultural
activities, municipal sewage, and fly ash from nearby
industries have worsened the problem (Ma et al.,
2015). Heavy metal pollution endangers humans, fish,
and vertebrates alike. Contaminants bioaccumulated
in water and sediments and then biomagnified
in aquatic animals, trying to pose a risk of certain
cancers once they enter the food chain (Shafie et
al., 2013). The above results show that the river
sediments fall in the “Class 1—low contamination”
zone. The concentration of copper is observed to be
high downstream during the post-monsoon season.
The values of C,and C, were low at Station 1 and high
at Station 5. All stations in the present study recorded
low CF, CD, and PLI for Cr, Mn, Fe, and Cu.

The study evaluated the heavy metal concentration
from the sediments at the Tamiraparani River delta
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with the help of CF, CD, and PLI. The results show
that there is the existence of heavy metals such as
Cr, Cu, Fe, and Mn at a detectable level. These are
the constitutes of various industrial, agricultural, and
domestic sewage discharges. Cr concentration ranged
from 0.5 to 8.3 mg/kg with a mean of 3.6 mg/kg, Fe
concentration ranged from 853 to 3837 mg/kg with
a mean of 2033.1 mg/kg, Mn concentration ranged
from 7.8 to 68.1 mg/kg with a mean of 33.3 mg/kg,
and Cu concentration ranged from 0.26 to 5.6 mg/
kg with a mean of 2.64 mg/kg. All four metals are in
an increasing trend between pre-monsoon and post-
monsoon through monsoon seasons. Thisis due to the
increase in lower sediment deposits in the prior and
subsequent increase of sediment deposit in monsoon
and post-monsoon. Spatially, the upstream sampling
Station S1 experienced a lower concentration, and
the downstream station S5 experienced the highest
concentration indicating that the sedimentation
rate had been increasing from the upstream to the
downstream. CF and CD show that the study area
lies in the low pollution category. However, there
was an increasing trend of pollutants and should be
checked in the early stage as a prevention measure.
This increase was due to anthropogenic activities,
industrial effluent discharge, agricultural discharge,
and untreated sewage discharge in the rivers.
Moreover, the PLI, which was less than 1, indicates
the low impact of pollution in the deltaic region.
However, naturally, copper concentration was higher
in sediment throughout Tamiraparani River because
of the higher deposits in the Agasthiyar hill ranges
where the river originates; moreover, because the
river is highly calcareous in nature, Fe was high at
the estuary of the study area due to lithogenic and
anthropogenic activities along the river. With the
reference to the field investigation, the major heavy
metal pollutants identified were from industries, sand
mining activities, agricultural runoff, and untreated
sewage wastewater. Aside from the abovementioned
reasons, soil erosion and flooding also transport
heavy metals from upstream to downstream. To
understand the increasing pattern of heavy metal
concentration, the study recommended temporal
monitoring of the pollution concentrations at the river
to refrain from the activities influencing or increasing
the concentration level in the study area. The need
for the study is to identify the analysis of heavy
metals due to their toxicity effect on the ecosystem,



especially due to the impact of industries and
urbanization around the river banks. Spatiotemporal
analysis downstream is focused due to higher
deposits of sediments in the floodplain delta. The
study is considered essential as per the Water Act
1974 to prevent and control water pollution at the
river. Additionally, the identified higher concentration
stations should be observed closely by government
authorities such as the District Collectorate Office
and municipal corporations to impose legal actions
against default polluters to avoid pollution in the
study area. Heavy metal controlling and monitoring
activities are required in the study region because
of metal bioaccumulation characteristics and the
potentially harmful effects of long-term exposure to
biota and humans. lllegal discharges into the river
system should be closely monitored to protect the
river ecosystem, and wastewater from industries,
municipalities, and households should be treated
before being discharged into the river. The findings
could serve as a basis for the predictions of human-
induced effects, which could be used to examine and
define an effective management decision policy to
reduce heavy metal contamination.
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Heavy metals are categorized as hazardous pollutants due to their
incapability in decomposing and undergoing bioaccumulation and biomagnification. Heavy metal pollution
is a global issue, particularly in emerging nations such as Indonesia. In this case, sediments contribute to
pollution dispersion because they can transport, mobilize, and redistribute toxic compounds. The Cisadane
river is one of 15 watersheds in Indonesia with the highest restoration priority. Therefore, it is essential
to conduct study on the sediment quality of this river. This investigation aimed to evaluate the levels of
cadmium, chromium, and lead in the sediments to assess the conditions of the Cisadane River.

At eight stations (representing the midstream and downstream region), surface sediment
samples were collected using a van Veen sediment grab based on the hypothesis that heavy metal
pollution originated from land-based activities and migrated down river estuaries. The Thermo Scientific
iCAP 7400 was utilized to assess heavy metals (cadmium, chromium, and lead) by adopting prior research
methodologies and method guidelines.

Except for lead, which surpassed the interim sediment quality standard, the levels of heavy
metals observed in the midstream and downstream sections of the Cisadane River were found to be well
below the guideline level. In this case, lead was the metal with the highest concentration in the sediments
of the Cisadane River, followed by chromium and cadmium. The enrichment of heavy metals in river
sediments was most likely caused by soil leaching, municipal and industrial sewage, as well as land waste
disposal. After the landfill area, there were two areas with the highest concentration. Therefore, this
investigation indicated the existence of landfills as point sources of heavy metals. Regarding specifics, two
sites following the landfill constitute the apex of heavy metal amplification.

This analysis shows that the sediment’s cadmium, chromium, and lead contents are below
the standards’ threshold and safe for the habitat. Cadmium, chromium and lead exceed sediment quality
requirements in sample sites after landfills, assumed to be due to leachate discharge and landfill activities.
This study further also reveals that landfills are point sources of heavy metals. In this case, the heavy
metals are two to four times higher in one kilometer from the landfill’s leachate discharge. Therefore, the
Enforcement of the Indonesia Waste Law Number 18 Year 2008 would have replaced unsanitary dumping
including implementation of physicochemical, biological, and combination remediation techniques, with a
vastly superior waste management system.
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The persistence and toxicity of heavy metals in
waterways have sparked global alarm (Islam et al.,
2015). The rapid global population growth, which has
led to a rise in agricultural and industrial activity, is
regarded as a significant source of metal pollution in
aquatic environment, which may offer deadly health
dangers to humans and wildlife (Riani et al., 2014,
2018; Xie et al., 2022). The improper management
of industrial and domestic waste contributes to
the environmental problem of heavy metals in
emerging nations, including Indonesia. Heavy metals
are hazardous pollutants because such pollutant
cannot be decomposed, accumulates in the body
(bioaccumulation), and gradually moves up the food
chain to higher concentrations (biomagnification)
(Ali and Khan, 2019; Saher and Siddiqui, 2019;
Vandecasteele et al., 2004). Environmental pollution
occurs when a contaminant, including heavy
metals, enters the environment and surpasses the
tolerance level to be disruptive to the environment
and dangerous to living beings (Mohammed et al.,
2011; Rosado et al., 2016). Among the various types
of heavy metals, some are toxic, including cadmium
(Cd), chromium (Cr) and lead (Pb), which are also
classified as harmful heavy metals by the Agency for
Toxic Substances and Disease Registry (ATSDR, 2012).
People often use Cd, Cr, and Pb as raw materials for
making furniture, as coating materials for toolkits,
as mixtures of metallic ingredients and antifouling
colorants, as well as in agriculture (Ayangbenro and
Babalola, 2017; Burton et al., 2005a; Burton et al,,
2005b; Li and Ren, 2011; Liu et al., 2016). By measuring
the heavy metal concentrations directly and estimating
what has accumulated in the environment, specifically
in sediments, therefore, it is possible to determine the
degree of heavy metal contamination (Kaewtubtim et
al., 2016). Sediments have a role in dispersing pollution
because they can carry, mobilize, and redistribute
harmful substances (Miranda et al., 2021). Although
heavy metals can be deposited in sediments after being
absorbed by suspended materials and amassing to
high concentrations, this retention is not permanent,
and the metals may be released if the surrounding
environment changes (Custodio et al., 2020). United
States Environmental Protection Agency (USEPA, 2005)
stated heavy metals’ sorption is influenced by several
conditions, including pH, alkalinity, and fractions of clay-
silicate and exchangeable carbonate. Frequently, heavy
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metal contamination in the sediments is evaluated
by calculating their total metal content; where
differences in metal levels along the watershed may
indicate distinct metal input sources (Pagnanelli et al.,
2004). Measuring the overall concentration of metals
in sediments is beneficial for detecting anomalies in
the watercourse caused by several conceivable events,
exempli gratia (e.g.) leaching from or to groundwater,
erosion, sedimentation event; however, it does not
reveal the chemical pattern of metals in sediments
(Pagnanelli et al., 2004). Understanding heavy metals
partitioning among different geochemical phases
is crucial to evaluate the potential of bioavailable
materials and related ecotoxicity hazards (Dixit et
al., 2015; Kalender and Cicek Ugar, 2013). Previous
research has revealed that non-point source pollution
(such as scattered residential and industrial activities)
and point source pollution in the study area are
responsible for various geographical and temporal
distributions of hazardous pollutants in sediments
(such as landfills in the Cisadane watershed). A landfill
is a place where hazardous waste, such as exhaust
gas emissions and liquid waste through leachate, is
deposited (Roudi et al., 2020). Waste and pollution
from landfills can infiltrate the aquatic environment
because landfills are typically situated on the banks of
river regions. Due to a lack of technological advances
and infrastructure, waste disposal and treatment are
especially problematic in developing nations (Essien et
al., 2022). In Indonesia, the waste management system
is poor, and there are almost no landfills with proper
liner bottoms. Toxic leachates could contaminate soil
and groundwater through non-sanitary landfills, which
are the norm in Indonesia (Meidiana and Gamse,
2010; Munawar et al., 2018). Consequently, detecting
and characterizing the ecotoxicological profile of
heavy metals in the environment affected by landfill
leachate and the accompanying health hazards posed
by municipal dumpsites is of utmost importance.
Rivers are essential to life, serving as potable water
sources, transportation routes, recreational spaces,
and agricultural irrigation water. Introducing pollutants
such as heavy metals into rivers will disturb the river’s
ecosystem. Indonesia has about 5,500 major rivers
and over 65,000 tributaries; however, over 50% of the
rivers are contaminated (Statistic Indonesia, 2021). The
Cisadane River is one of 15 Indonesian watersheds with
the highestrestoration priority. Same as otherrivers, the
Cisadane river provides raw water for drinking water,



food production, sanitation, purification, and coastal
stabilization, among other essential uses. Research
on heavy metals such as Cd, Cr and Pb in the Cisadane
River is crucial, given that the river serves as a source
of raw water for the potable water delivery systems
in the midstream (South Tangerang, Tangerang) and
downstream (Tangerang, and Tangerang Regency)
areas. In addition to being surrounded by various
anthropogenic activities (settlement, agriculture, and
industry), the Cisadane River is a home to three final
disposal sites for the inhabitants of this region. Even
as recently as May 2020, one of the landfill walls
collapsed, resulting in the release of approximately
100 tons of waste into the Cisadane River (The Jakarta
Post, 2020). It resulted in an immediate release
of waste material, including heavy metals, which
ultimately deposited in the sediment of the Cisadane
River. Population growth and human activity along the
river’s flow made it possible for metal pollutants to
get into the river. These pollutants then followed the
river’s flow downstream and into the sea. Therefore,
this study was conducted based on the hypothesis that
the increase in toxic metals in the Cisadane River was
linked to anthropogenic activities in the area, namely
non-point sources (scattered household, commercial,
and industrial activities) and point sources (two
landfills on the edge of Cisadane River). The hypothesis
provided was that there was a significant difference
between the two types of sources, which made point
sources more likely to influence the accumulation
of toxic heavy metals in river sediments. The above
background shows that enriching the comprehension
of toxic heavy metals (Cd, Cr, and Pb) contamination
in urban river sediment to build realistic ways and
strategies for mitigating the conflicting effects of
heavy metals contamination on the aquatic ecosystem
is necessary. In this case, the current study aimed to
measure Cd, Cr, and Pb levels in the riverine sediments
and to evaluate the river conditions based on specific
heavy metal concentrations. Furthermore, this study
was conducted on the Cisadane River in Indonesia
during the dry season (April-May) of 2022.

Study area

The Cisadane River is 138 miles long and covers
an area of 154,652 hectare (ha). Due to its high
pace of land change, the Cisadane watershed is
among Indonesia’s 15 priority watersheds. Between

1995 and 2012, the land cover changed by 63.05%.
The most changes happened in bushland, forests,
and rice fields by 29.65%, 27.87%, and 13.44%,
respectively. The distance between the river and
the city’s downtown area is primarily responsible for
this disparity. The city downtown offers convenient
and essential services, enabling the expansion of
settlements and the fulfillment of other community
demands. The Cisadane River receives water from
the Gede-Pangrango and Halimun-Salak mountains
upstream and empties into the Teluk Naga coast in
the Java Sea. Furthermore, the Cisadane River passes
through 44 sub-districts in five cities. These cities are
Bogor Regency and Bogor City in the upstream area,
South Tangerang and Tangerang City in the midstream,
and Tangerang Regency in the downstream area. In
this case, more than 15 million people reside in the
Cisadane watershed, contributing over 8,400 tons of
solid waste daily. In this watershed, however, three
landfills are located directly on the Cisadane River:
the Galuga Landfill in Bogor Regency, the Cipeucang
Landfill in South Tangerang, and the Rawa Kucing
Landfill in Tangerang City. The leachate water from
the three landfills drains to the Cisadane River via
a canal. In addition, the Cisadane River supplies tap
water sources for the midstream and downstream
regions.

Field sampling

At eight stations sampling (ST), a van Veen
sediment grab was used to acquire samples of surface
sediment under the assumption that heavy metal
pollution originated from land-based activities and
migrated down river estuaries into the ocean, such
as industry, mining, and agriculture (Koesmawati et
al., 2018; Lestari et al., 2018; Riani et al., 2014). The
first four stations (ST01-4) represent the midstream
region, whereas the subsequent four stations (STO5-
STO8) represent the downstream region (Fig. 1). The
two stations were situated 1 kilometer (km) before
and after the two landfill sites (Cipeucang and Rawa
Kucing Landfill) and the leachate disposal sites from
the two landfills. The samples were collected from
three spots on the river’s right, middle, and left
sides. Using a clean plastic spoon, the top layer of
sediment; ~10 centimeter (cm) from each sediment
grab sample was collected, and the sediments were
mixed to generate a composite sample. In stainless
steel canisters, triplicate sediment samples were
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Fig. 1: Geographic location of the study area along with sampling locations at Cisadane River, Indonesia

homogenized. The samples were then scooped using
arinsed plastic scoop and transferred to a 500 milliliter
(mL) cleaned and rinsed glass canister. Furthermore,
all samples were preserved at 4+2 degree Celsius (°C)
in sealed plastic containers to prevent contamination.

Laboratory analysis and quality assurance/quality
control

The Thermo Scientific iCAP 7400 Inductively
Coupled Plasma — Optical Emission Spectrometry
(ICP-OES) was used to analyze heavy metals by
accommodating the USEPA (2007) method 3051a
from prior research (Cordova et al., 2017; da Silva et
al., 2013; Harmesa and Cordova, 2020; Puspitasari et
al., 2020; Puspitasari and Lestari, 2018; Riani et al.,
2018). Briefly, the river surface sediment samples
were dried in an oven at 105°C for twenty-four hours.
The objective of the drying process was to eliminate
the moisture. A mortar was further used to grind the
dried samples. The grinded samples (range 0.49-0.51
gram) were then mixed with 9 mL of nitric acid (HNO,
or Hydrogen nitrate) and 3 mL of Hydrochloric acid
(HCI or Hydrogen chloride). Complex organometallic
compounds were converted to inorganic compounds
through the treatment of HNO, and HCI. The sample
was then being placed in a the CEM MARS5 Xpress
microwave digestive reactor for 15 minutes at 185°C
and kept for 30 minutes. The samples were filtered
using Whatman filter paper No. 41 and diluted
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to 25 mL with DDDW (Double Distilled Deionized
Water). The sample was subsequently introduced
to the ICP-OES to determine the concentrations
of selected heavy metals. The National Research
Council of Canada’s Certified Reference Material
(CRM) PACS-3 for sediments was utilized to verify
that the instruments and procedures were reliable
and controlled. The sample analysis of CRM was still
within the standard range, indicating that the method
and ICP-OES utilized in this study were valid and
regulated.

Data analysis

The statistical test was conducted using PAST
Software Version 4.03, which included examining
univariate statistics and assessing statistical
significance differences between Cd, Cr, and Pb for
each sampling region via the Kruskal-Wallis test for
equal medians and Mann-Whitney pairwise post
hoc test. Due to the absence of sediment quality
guidelines in Indonesia, a descriptive analysis of
the mean and standard deviation of Cd, Cr, and Pb
concentrations in riverine sediments was performed
and compared to sediment quality guidelines
from the Australia New Zealand Environment and
Conservation Council (ANZECC) and Agriculture and
Resource Management Council of Australia and New
Zealand (ARMCANZ), as well as Canadian Council
of Ministers of the Environment (CCME). Using the
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same software, a Pearson correlation test was done
to comprehend the metal’s interaction with the
sediment. With a higher coefficient value, it was
considered that the metals originate from the same
place, were interdependent and had an identical flow
behavior (Harmesa and Cordova, 2020).

Selected heavy metal concentrations in the Cisadane
River sediments

Fig. 2 depicts the distribution of Cd, Cr, and Pb
concentrations in riverine sediments. With an average
value of 30.3053 + 23.4339 milligram per kilogram dry
weight (mg/kg), Pb had the highest concentration in
the Riverine Sediment of the Cisadane River, followed
by Cr(23.4672+20.1228 mg/kg). Compared to Pb and
Cr, Cd was found to have the lowest concentration
(0.5140 + 0.2983 mg/kg). Furthermore, the Kruskal-
Wallis and Mann-Whitney tests revealed a statistically
significant difference (p<0.05) between Cd - Cr and Cd
- Pb. Table 1 further illustrates the spatial distribution
of the mean and standard deviation of the Cd, Cr, and
Pb concentrations at each location, as well as their
comparison to sediment quality standards. On the
basis of sediment quality guidelines from ANZECC
and ARMCANZ (2000) and CCME (2001), selected
heavy metals observed (Table 1) in midstream and
downstream Cisadane River were moderately lower
than the guideline level, with the exception of Pb,
which exceeded the I1SQG (Interim Sediment Quality

Guideline) from CCME (2001). The selected heavy
metal concentrations in this study were below or
comparable to those in other well-known major
rivers (Gaillardet et al., 2013; Nasrabadi et al.,
2018). Selected heavy metals in the Cisadane River
sediments were relatively lower than those in Yellow
River (W. Li et al., 2022), Han River (X. Li et al., 2022),
Nanfei River (Fang et al., 2022) in China, and the
Brahmaputra River in India (Saikia et al., 2022); on the
same magnitude compared to the Teesta River, India
(Chettri et al., 2022) and the Oder river and Vistula
river in Poland (Jaskuta and Sojka, 2022). However,
heavy metals in the Cisadane River sediments were
higher than the Kafue River and Zambezi River
in Zambia (Nakayama et al., 2010). Compared to
dissolved concentrations discovered in urban runoff,
the results of this study showed a stronger link
(Pinedo-Gonzalez et al., 2017). Greater urban land
use resulted in higher quantities of dissolved metals
in watersheds compared to those found in natural
areas (Gardner and Carey, 2004; Pinedo-Gonzalez et
al., 2017; Yoon and Stein, 2008). In general, heavy
metal pollution levels in the Cisadane River sediments
were still below the threshold at which they could
cause harm to the aquatic organism. Albeit the
selected heavy metals concentration in this study
was moderately modest compared to the guidelines
(Table 1), it must nevertheless be taken into account
because Cd and Pb surpass their natural values in the
upper continental crust. Wedepohl (1994) specifically

327



Table 1: The concentrations of selected heavy metals in each sampling station in the Cisadane River

Station code

Concentration (mg/kg)

Location

number cd cr Pb

Midstream STO1 0.0628 +0.0614 5.3425+0.7623 9.8746 + 1.4921
(5T01-5T04) ST02 0.1825 +0.0139 4.2874 +2.1266 9.1596 + 0.3991

ST03 0.8000 + 0.0295 52.1811+ 8.2727 63.6332 + 6.3275

STO4 0.6854 + 0.0573 15.8714 +6.2011 26.4032 £ 8.9145
Downstream STO5 0.3214 £ 0.1143 13.0176 + 2.6695 20.5500 +10.2734
(STO5-STO8)

STO6 0.9278 +£0.0126 57.9242 +£9.3170 72.0347 +7.0349

STO7 0.6196 + 0.1644 15.7160 + 6.0428 20.2391 +1.3909

STO8 0.5127 + 0.0941 23.3976 + 3.3947 20.5476 + 0.9902
ANZECC and ARMCANZ Low 1.5 80 50
Guidelines

High 10 370 220
CCME Guidelines 1SQG 0.7 52.3 30.2

PEL 4.2 160 112

I1SQG: interim sediment quality guidelines; PEL: probable effect levels

stated that the natural concentrations of Cd, Cr, and
Pb were 0.102 mg/kg, 35 mg/kg, and 17 mg/kg,
respectively.

The largest concentration of heavy metals in the
Cisadane River sediments was Pb, followed by Cr
and Cd. The enrichment of heavy metals in riverine
sediments is caused by natural sources, including
volcanic eruption and weathering from soil or rocks,
which causes leaching (Fang et al., 2016). In addition
to natural sources, anthropogenic activities waste,
such as unmanaged waste, is a source of heavy metal
pollution (Fang et al., 2016). Pb is emitted through
urban runoff, atmospheric deposition, combustion
engine automobile and industrial emissions, and
craft maintenance activities (Burton et al., 2005a;
Hossain et al., 2019; Liu et al., 2016; Sakawi et al.,
2013). Meanwhile, Cd pollution is linked to farming
activities such as using many phosphate fertilizers
with Cd impurities (Liu et al., 2016). Moreover, Cd
usually comes from activities that make farming
more productive, such as using a lot of fertilizers and
pesticides and mining (Ayangbenro and Babalola,
2017; Tang et al., 2010). Furthermore, Cr is often
found in antifouling paints used in the screen-printing
and textile industries (Costa-Boddeker et al., 2017;
Duodu et al., 2017).

The linear correlation matrix of Pearson’s
correlation coefficients between Cd, Cr, and Pb

328

in Cisadane river sediments is shown in Table 2.
According to the Pearson correlation value, the
statistical output between Cd - Cr and between Cr
- Pb suggested a moderately positive relationship
(r between 0.6 and 0.8), although the correlation
between Cr - Pb indicated a fairly strong positive
relationship (r between 0.8-0.99). In this case, the
three correlationshad a 99% confidenceinterval (Table
2). Based on the discovered Pearson’s correlation
coefficient (Table 2), Cd - Cr and Cr - Pb were shown
to have a moderately positive connection. Moreover,
the correlation between Cr and Pb was significantly
positive. This linkage demonstrated that heavy metals
were interdependent, exhibited the same transit
behavior, and most likely originated from the same
origin, whether natural or manmade (Harmesa et al.,
2020; Liu et al., 2016; Suresh et al., 2012).

Spatial distribution of heavy metals in Cisadane River

Table 1 demonstrates that all sampling locations
detected heavy metals (Cd, Cr, and Pb), showing that
the trend of heavy metals pollution is increasing to
the Cisadane River’s downstream section. In this
investigation, the lowest concentrations of heavy
metals were identified at STO1 and ST02, the first and
second midstream sites. Nonpoint and point sources
were the sources of heavy metals in the sediments of
the CisadaneRiver. Dispersed throughoutthe Cisadane



Table 2: Pearson’s correlation coefficient (r) for selected heavy metals concentration in Cisadane River sediments

Heavy metals Cd Cr Pb
Cd 1

Cr 0.7916* 1

Pb 0.7877* 0.9254* 1

watershed were nonpoint sources in the form of
effluent from community activities. The household
and commercial areas were the densest in the mid-
midstream and downstream regions. Similar to
households, the majority of industries in the Cisadane
watershed were relatively small (those located in the
upstream and early midstream), with 143 medium
and heavy industries dispersed throughout the mid-
midstream and downstream regions (Kementerian
Perindustrian, 2020). The landfills on the river’s banks
were considered to be the point sources of heavy
metals in the sediments of the Cisadane River. After
landfill leachate disposal, the mean and standard
deviation of the examined heavy metals were higher
than the data without area (ST03 and ST06). STO3 and
STO06, both of which are located after the landfill area,
contained the highest concentration. Detail-wise,
ST03 and STO6 represented the pinnacle of heavy
metal amplification (Table 1). Moreover, at these two
stations, Cd, Cr, and Pb concentrations exceeded the
ISQG guidelines from CCME (2001). Furthermore, Pb
in STO3 and STO6 surpassed the lower limit specified
by ANZECC and ARMCANZ (2000). Heavy metals
data’s mean and standard deviation without a sample
point before a landfill were two to four times lower. In
addition, a statistically significant difference occurred
between the regions before and after landfilling for all
examined heavy metals (p<0.01). Depending on the
type of heavy metal, the increase occurred between
2.89and 12.17 times. At STO3 and STO6, Cd levels were
4.38 and 2.89 times higher, Cr levels were 12.17 and
4.45 times higher, and Pb levels were 6.95 and 3.50
times higher, respectively. There was a presumption
that there was a correlation between the landfill
location and landfill leachate and the concentration
of heavy metals in the sediments of the Cisadane
River. The limitation of this study was that it did not
investigate landfill leachate in two dump regions
located along the Cisadane River. If a comparative
study is undertaken, the heavy metals level in landfill
leachate must be analyzed in greater detail. The

results of this investigation indicated the existence of
landfills as probable point origins of harmful heavy
metals (Deng et al., 2018; Houessionon et al., 2021;
Hussein et al., 2021; Robinson, 2017). Leachate
treatment facilities in Indonesian landfills typically
consist of ponds for collection and treatment. Some
of the leachate in the pond is disposed of as a result
of microbial fermentation and gravity effects (Xu et
al., 2018); however, because the leachate treatment
is not comparable to a sanitary landfill, the leachate
produced and discharged into the watershed has a
complex composition and contains toxic heavy metals
(Hou et al., 2019; Singh et al., 2015). The leachate
carried into the watershed will negatively impact the
river’s environment. In turn, this will increase the
expense of environmental management and may
adversely affect human health (Hussein et al., 2019;
Ishak et al., 2016). Along the Cisadane River, three
unsanitary landfills have direct leachate discharge
channels into the river (Nurhasanah et al., 2021;
Sulistyowati et al., 2022). After one kilometer from the
landfill leachate outlet, the concentration of heavy
metals at the sampling station was two to four times
greater. In landfill leachate, critical heavy metals are
frequently abundant, physiologically complex, and
bioaccumulative, rendering them highly accessible
to trophic food systems (Atta et al., 2015; Kaschl
et al., 2002; Sanchez-Chardi and Nadal, 2007). A
transition from an unsanitary (open) dumping system
to a properly sanitary landfill system, is essential for
improving this situation since it can raise the heavy
metals removal rate (Deng et al., 2018; Jaradat et al.,
2021; Robinson, 2017). Some levels of heavy metals
in natural soil were found to exceed predetermined
background values. Despite the fact that the metal
content of these soils is considerable, it is significantly
lower than that of waste/leachate-affected soils
(Hussein et al., 2021). Notably, heavy metals are
also natural trace elements that are infrequently
harmful (Wuana and Okieimen, 2011). Under typical
conditions, it is unlikely that metals are dissolved,
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Fig. 3: Comparison of selected heavy metals concentration in midstream and downstream of Cisadane River

leached, and transportable in the environment.
However, it can be induced by successive reductive
circumstances and anaerobic bio-decompositions
(Hussein et al., 2021; Ishchenko, 2019; Li et al., 2009;
Thongyuan et al., 2021). These circumstances may
result in the leaching of toxic metals deposited in
the riverine sediment (Demirbilek et al., 2013). Due
to the decrease in oxygen content, methanogenic
conditions have led to the dissolution of a reductive
metal in the leachate (Demirbilek et al., 2013).
Additionally, metal leaching occurs in soil affected by
leachate with high organic content (DeLemos et al.,
2006; Ford et al., 2011).
Fig.3depictsthecalculatedaverage concentrations
and fluctuations of Cd, Cr, Pb in the midstream and
downstream sediments of the Cisadane River. Along
the Cisadane Yellow River, all investigated heavy
metals in sediments demonstrated an upward trend,
with greater average concentrations in downstream
than in the midstream. Cr had the most significant
increase in the mean concentration of selected
heavy metals from midstream to downstream,
followed by Cd, while Pb had the smallest increase
(Fig. 3). The average concentration of Cr in the
midstream (19.4206 + 20.8090 mg/kg) increased by
41.67% in the downstream (27.5138 + 19.4402 mg/
kg). The mean Cd concentration in the midstream
(0.4327 + 0.3318 mg/kg) increased by 37.60% in the
downstream (0.5953 + 0.2481 mg/kg). The average Pb
content in the midstream increased by 22.28% in the
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downstream (27.2677 + 23.5577 mg/kg to 33.3429
+ 23.9400 mg/kg). Our findings are consistent with
the previous studies on heavy metal contamination
of soils in the middle and lower reaches of China’s
Xiangjiang River (Wang et al., 2008). Heavy metals
originating from improperly managed pollution in the
Cisadane watershed reached the aquatic ecosystem
and were further carried by the water, and were
deposited in river sediments. Moreover, the water
carried pollutants from the land to the aquatic
environment. Although many heavy metals might
be predominantly associated with organic material
particles or suspended sediment, heavy metals can
be shifted into a more bioavailable dissolved form
(Bergamaschi et al., 2012; Roussiez et al., 2011).
Various hydrological regimes can impact heavy metal
mobility. For instance, during a precipitation event
following a prolonged period of drought, overland
water runoff is frequently the primary transport
mechanism for anthropogenic toxic metals (Wijesiri
et al., 2018; Yong and Chen, 2002). In this study,
landfills were also considered point sources of toxic
metals in addition to non-point sources of heavy
metals throughout the Cisadane river. Widespread
usage of non-engineered and unmanaged landfills
without suitable bottom liners, leachate collection,
or treatment systems prevented better management
of solid waste from municipalities (Ishchenko, 2019).
This has resulted in the production of leachates
from landfills that include substantial amounts of



organic and inorganic pollutants and are particularly
dangerous to the environment (Naveen et al., 2017;
Oman and Junestedt, 2008). In this case, 84% of waste
management in Indonesia was accomplished through
waste disposal sites with open dumping landfill system
(Munawar et al., 2018). However, the proportion of
landfills with improved systems has not yet met the
requirements for a sanitary landfill system (Meidiana
and Gamse, 2010), meaning that only a portion of
the fundamental conditions for controlled landfills
was achieved. This leads in the release of leachates
containing harmful substances including toxic heavy
metals into the aquatic environment (Hussein et al.,
2021). In some landfills, leachate consists of fluids
that have reached the open landfill from a variety of
external sources, such as wastewater, groundwater,
soil erosion, and precipitation generated from the
breakdown of organic waste (Ghosh et al., 2017).
In certain instances, groundwater flow following
flood water subsidence can contribute significantly
to metal loading in downstream waterways (Santos
et al., 2011). Heavy metal emissions could be
deposited within riverine to estuarine sediments and
transferred to the marine system (Fernandez-Cadena
et al., 2014; Gonzalez-Ortegdn et al., 2019). The
Indonesian government might have helped alleviate
this problem by enforcing the Waste Law Number
18 Year 2008, which mandates the replacement of
all open dumping with more regulated landfills or
sanitary landfills. The elimination of heavy metals
from non-point sources, such as leachate landfills, can
be accomplished through various methods, including
physicochemical (coagulation/flocculation treatment,
membrane application, and adsorption treatment),
biological (phytoremediation, bioremediation, and
arrangement of aerobic and anaerobic bioreactors),
and combination (physicochemical and biological)
techniques. The elimination of heavy metals in
aquatic environments directly results from the
transition to sanitary landfills (Mojiri et al., 2011).
Changes should also be made at the regional level,
considering available infrastructure, human capacity,
and funding.

The purpose of this study is to characterize
heavy metals in Cisadane River sediments. This
investigation leads us to conclude that the Cd, Cr,
and Pb concentrations in the sediment are still below
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the threshold established by the standards and are,
therefore, safe for the habitat inside. In this study,
concentrations of Cd, Cr, and Pb were found to be
lower than or comparable to those in other well-
known large rivers. Although the concentrations
of heavy metals in this study are relatively modest
in comparison to the guidelines, they must still be
taken into account because Cd and Pb are higher
than they should be in the upper continental crust.
However, the concentration of Cd, Cr, and Pb exceeds
the sediment quality guidelines in the sampling sites
after landfills, which is believed to be the result of
leachate discharge and landfill activities. Therefore,
it requires special consideration including the
implementation of physicochemical, biological, and
combination remediation techniques. This study
discovers that heavy metals are interdependent,
have the same transport patterns, and most likely
originate from the same sources. In the Riverine
Sediment of the Cisadane River, Pb has the highest
concentration, followed by Cr, while Cd that has the
lowest concentration. Sources of heavy metals in the
Cisadane River sediments comprise nonpoint and
point sources. The nonpoint sources in the form of
wastewater from community activities are dispersed
throughout the Cisadane watershed. In comparison,
two riverbank landfills are recognized as the point
sources of heavy metals in the sediments of the
Cisadane River. Two landfills along the Cisadane River
discharge their leachate directly into the waterway.
The concentration of heavy metals at the test
location is two to four times higher one kilometer
from the landfill's leachate discharge. In this case,
investigation indicates that heavy metal pollution
in the Cisadane River’s downstream segment is
escalating. Therefore, through the enforcement of
the Indonesian Waste Law Number 18 Year 2008
which would have replaced all open dumping with
better-controlled landfills or sanitary landfills, would
have helped the Indonesian government address this
problem. Furthermore, further research is required
to determine the levels of harmful heavy metals in
leachate landfills, drain sediment in leachate ponds,
and groundwater, which can also be contaminated by
suboptimal management of leachate landfills.

L. Sulistyowati, the corresponding author, has
contributed in interpreted the results, and preparing



the manuscript. Nurhasanah performed data analysis.
E. Riani designed the field sampling contributed to
the data analysis and interpretation of the results.
M.R. Cordova contributed to supervision, study
design, laboratory analysis, data analysis and writing
with the assistance of L. Sulistyowati, Nurhasanah
and E. Riani. M.R. Cordova is the main contributor to
this manuscript.

The authors would like to thank waste picker
and fishers who have voluntary supported this
study. This study is supported by the Universitas
Terbuka funding scheme 2022 [Grant No. B/284/
UN31.LPPM/PT.01.03/2022 and B/410/UN31.LPPM/
PT.01.03/2022] for L. Sulistyowati, Nurhasanah, and
M.R. Cordova. All authors discussed the results and
provided input and comments on the manuscript.
The authors would like to express gratitude to
the anonymous reviewers for their insightful
and constructive comments, which resulted in a
significant improvement of the manuscript. The
editor’s constructive comments on earlier drafts of
the manuscript are greatly appreciated.

The author declares that there is no conflict of
interests regarding the publication of this manuscript.
In addition, the ethical issues, including plagiarism,
informed consent, misconduct, data fabrication and/
or falsification, double publication and/or submission,
and redundancy have been completely observed by
the authors.

©2023 The author(s). This article is licensed under
a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or
format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes
were made. The images or other third-party material
in this article are included in the article’s Creative
Commons license, unless indicated otherwise in a
credit line to the material. If material is not included
in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain

332

permission directly from the copyright holder. To view
a copy of this license, visit: http://creativecommons.
org/licenses/by/4.0/

GJESM Publisher remains neutral with regard
to jurisdictional claims in published maps and
institutional afflictions.

ANZECC Australia New Zealand Environment
and Conservation Council

ARMCANZ Agriculture and Resource
Management Council of Australia and
New Zealand

ATSDR Agency for Toxic Substances and
Disease Registry

°C degree Celsius

CCME Canadian Council of Ministers of the
Environment

cd Cadmium

cm Centimeter

Cr Chrome

CRM Certified reference material

DDDW Double distilled deionized water

e.g. Exempli gratia (for example)

ha hectare

Hcl Hydrogen chloride (Hydrochloric acid)

HNO, Hydrogen nitrate (nitric acid)

ICP-OES Inductively coupled plasma — optical
emission spectrometry

1SQG Interim sediment quality guidelines

kg Kilogram

km Kilometer

mg/kg Milligram per kilogram dry weight

mL Milliliter

PEL Probable effect levels

Pb Lead

r Pearson’s correlation coefficient

ST Station sampling

USEPA United States Environmental

Protection Agency


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Abdullah, M.Z.; Hazwani, N.; Tahir Abas, M., (2016). The use of
Ipomoea pes-caprae plant species to monitor metal pollutions
of the coastal soil. J. Teknologi., 78(6—6): 1-6 (6 pages).

Ali, H.; Khan, E., (2019). Trophic transfer, bioaccumulation, and
biomagnification of non-essential hazardous heavy metals and
metalloids in food chains/webs—Concepts and implications
for wildlife and human health. Hum. Ecol. Risk Assess., 25(6):
1353-1376 (24 pages).

ANZECC and ARMCANZ, (2000). Volume 1: The Guidelines. In
Australian and New Zealand Guidelines for Fresh and Marine
Water Quality. Australian and New Zealand Environment and
Conservation Council, Agriculture and Resource Management
Council of Australia and New Zealand (314 pages).

ATSDR, (2012). Toxicity profile for heavy metals. Agency for Toxic
Substances and Disease Registry.

Atta, M.; Yaacob, W.ZW.; Bin Jaafar, O., (2015). The potential
impact of leachate-contaminated groundwater of an ex-landfill
site at Taman Beringin Kuala Lumpur, Malaysia. Environ. Earth
Sci., 73(7): 3913-3923 (11 pages).

Ayangbenro, A.S.; Babalola, 0.0., (2017). A new strategy for heavy
metal polluted environments: A review of microbial biosorbents.
Int. J. Environ. Health Res., 14(1): 94 (16 pages).

Bergamaschi, B.A.; Krabbenhoft, D.P.; Aiken, G.R.; Patino, E.;
Rumbold, D.G.; Orem, W.H., (2012). Tidally driven export of
dissolved organic carbon, total mercury, and methylmercury
from a mangrove-dominated estuary. Environ. Sci. Technol.,
46(3): 1371-1378 (8 pages).

Burton, E.D.; Phillips, I.R.; Hawker, D.W., (2005a). Geochemical
partitioning of copper, lead, and zinc in benthic, estuarine
sediment profiles. J. Environ. Qual., 34(1): 263-273 (11 pages).

Burton, E.D.; Phillips, I.R.; Hawker, D.W., (2005b). Trace metal
distribution and enrichment in benthic, estuarine sediments:
Southport Broadwater, Australia. Environ. Geochem. Health, 27:
369-383 (15 pages).

CCME, (2001). Canadian sediment quality guidelines for the
protection of aquatic life. in canadian environmental quality
guidelines. Canadian Council of Minister of the Environment,
Winnipeg.

Chettri, U.; Chakrabarty, T.K.; Joshi, S.R. (2022). Pollution index
assessment of surface water and sediment quality with
reference to heavy metals in Teesta River in Eastern Himalayan
range, India. Environ. Nanotechnol. Monit. Manage., 18: 100742
(9 pages).

Cordova, M.R.; Eftiah, F.D.M.; Zamani, N.P., (2017). Ability of
mangrove apple as mercury bioindicator. Omni-Akuatika, 13(2):
137-143 (7 pages).

Costa-Boddeker, S.; Hoelzmann, P.; Thuyén, L.X.; Huy, H.D.; Nguyen,
H.A.; Richter, O.; Schwalb, A., (2017). Ecological risk assessment
of a coastal zone in Southern Vietnam: Spatial distribution and
content of heavy metals in water and surface sediments of the
Thi Vai Estuary and Can Gio Mangrove Forest. Mar. Pollut. Bull.,
114(2): 1141-1151 (11 pages).

Custodio, M.; Orellana-Mendoza, E.; Pefialoza, R.; De la Cruz-
Solano, H.; Bulege-Gutiérrez, W.; Quispe-Mendoza, R., (2020).
Heavy metal accumulation in sediment and removal efficiency in
the stabilization ponds with the hydrocotyle ranunculoides filter.
J. Ecol. Eng., 21(5): 72-79 (8 pages).

da Silva, Y.J.A.B.; do Nascimento, CW.A.; Biondi, C.M., (2013).

333

Comparison of USEPA digestion methods to heavy metals in
soil samples comparison of USEPA digestion methods to heavy
metals in soil samples. Environ. Monit. Assess., 186: 47-53 (7
pages).

Delemos, J.L.; Bostick, B.C.; Renshaw, C.E.; Stirup, S.; Feng, X.,
(2006). Landfill-stimulated iron reduction and arsenic release at
the Coakley Superfund Site (NH). Environ. Sci. Technol., 40(1):
67073 (7 pages).

Demirbilek, D.; Oztiifekci Onal, A.; Demir, V.; Uslu, G.; Arslanoglu-
Isik, H., (2013). Characterization and pollution potential
assessment of Tunceli, Turkey municipal solid waste open
dumping site leachates. Environ. Monit. Assess., 185(11): 9435—
9449 (15 pages).

Deng, M.; Kuo, DT.F.; Wu, Q.; Zhang, Y.; Liu, X.; Liu, S.; Hu, X.;
Mai, B.; Liu, Z.; Zhang, H., (2018). Organophosphorus flame
retardants and heavy metals in municipal landfill leachate
treatment system in Guangzhou, China. Environ. Pollut., 236:
137-145 (9 pages).

Dixit, R.; Wasiullah, Malaviya, D.; Pandiyan, K.; Singh, U. B.; Sahu,
A.; Shukla, R.; Singh, B.P.; Rai, J.P.; Sharma, P.K.; Lade, H.; Paul,
D., (2015). Bioremediation of heavy metals from soil and
aquatic environment: An overview of principles and criteria
of fundamental processes. Sustainability. 7(2): 2189-2212 (24
pages).

Duodu, G.O.; Goonetilleke, A.; Ayoko, G.A., (2017). Potential
bioavailability assessment, source apportionment and ecological
risk of heavy metals in the sediment of Brisbane River estuary,
Australia. Mar. Pollut. Bull., 117(1-2): 523-531 (9 pages).

Essien, J.P.; Ikpe, D.l.; Inam, E.D.; Okon, A.O.; Ebong, G.A.; Benson,
N.U., (2022). Occurrence and spatial distribution of heavy
metals in landfill leachates and impacted freshwater ecosystem:
An environmental and human health threat. PLoS ONE, 17(2)
(18 pages).

Fang, W.; Wei, Y.; Liu, J., (2016). Comparative characterization
of sewage sludge compost and soil: Heavy metal leaching
characteristics. J. Hazard. Mater., 310: 1-10 (10 pages).

Fang, W.; Wei, Y.; Liu, J.; Kosson, D.S.; van der Sloot, H.A.; Zhang, P.,
(2016). Effects of aerobic and anaerobic biological processes on
leaching of heavy metals from soil amended with sewage sludge
compost. Waste Manage., 58: 324—-334 (11 pages).

Fang, T.; Wang, H.; Liang, Y.; Cui, K.; Yang, K.; Lu, W.; Li, J.; Zhao,
X.; Gao, N.; Yu, Q.; Li, H.; Jiang, H. (2022). Source tracing with
cadmium isotope and risk assessment of heavy metals in
sediment of an urban river, China. Environ. Pollut., 305: 119325
(8 pages).

Fernandez-Cadena, J.C.; Andrade, S.; Silva-Coello, C.L.; De la Iglesia,
R., (2014). Heavy metal concentration in mangrove surface
sediments from the north-west coast of South America. Mar.
Pollut. Bull., 82(1-2): 221-226 (6 pages).

Ford, R.G.; Acree, S.D.; Lien, B.K.; Scheckel, K.G.; Luxton, T.P.; Ross,
R.R.; Williams, A.G.; Clark, P., (2011). Delineating landfill leachate
discharge to an arsenic contaminated waterway. Chemosphere,
85(9): 1525-1537 (13 pages).

Gaillardet, J.; Viers, J.; Dupré, B., (2013). Trace Elements in River
Waters. In Treatise on Geochem.: Second Edition. 7: 195-235
(41 pages).

Gardner, C.B.; Carey, A.E., (2004). Trace metal and major ion inputs
into the Olentangy River from an urban storm sewer. Environ.
Sci. Technol., 38(20): 5319-5326 (8 pages).


https://journals.utm.my/index.php/jurnalteknologi/article/view/9013
https://journals.utm.my/index.php/jurnalteknologi/article/view/9013
https://journals.utm.my/index.php/jurnalteknologi/article/view/9013
https://www.tandfonline.com/doi/full/10.1080/10807039.2018.1469398
https://www.tandfonline.com/doi/full/10.1080/10807039.2018.1469398
https://www.tandfonline.com/doi/full/10.1080/10807039.2018.1469398
https://www.tandfonline.com/doi/full/10.1080/10807039.2018.1469398
https://www.tandfonline.com/doi/full/10.1080/10807039.2018.1469398
https://www.waterquality.gov.au/anz-guidelines/resources/previous-guidelines/anzecc-armcanz-2000
https://www.waterquality.gov.au/anz-guidelines/resources/previous-guidelines/anzecc-armcanz-2000
https://www.waterquality.gov.au/anz-guidelines/resources/previous-guidelines/anzecc-armcanz-2000
https://www.waterquality.gov.au/anz-guidelines/resources/previous-guidelines/anzecc-armcanz-2000
https://www.waterquality.gov.au/anz-guidelines/resources/previous-guidelines/anzecc-armcanz-2000
https://link.springer.com/article/10.1007/s12665-014-3675-x
https://link.springer.com/article/10.1007/s12665-014-3675-x
https://link.springer.com/article/10.1007/s12665-014-3675-x
https://link.springer.com/article/10.1007/s12665-014-3675-x
https://www.mdpi.com/1660-4601/14/1/94/htm
https://www.mdpi.com/1660-4601/14/1/94/htm
https://www.mdpi.com/1660-4601/14/1/94/htm
https://pubs.acs.org/doi/10.1021/es2029137
https://pubs.acs.org/doi/10.1021/es2029137
https://pubs.acs.org/doi/10.1021/es2029137
https://pubs.acs.org/doi/10.1021/es2029137
https://pubs.acs.org/doi/10.1021/es2029137
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/jeq2005.0263
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/jeq2005.0263
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/jeq2005.0263
https://link.springer.com/article/10.1007/s10653-004-7086-x
https://link.springer.com/article/10.1007/s10653-004-7086-x
https://link.springer.com/article/10.1007/s10653-004-7086-x
https://link.springer.com/article/10.1007/s10653-004-7086-x
https://ccme.ca/en/current-activities/canadian-environmental-quality-guidelines
https://ccme.ca/en/current-activities/canadian-environmental-quality-guidelines
https://ccme.ca/en/current-activities/canadian-environmental-quality-guidelines
https://ccme.ca/en/current-activities/canadian-environmental-quality-guidelines
https://www.sciencedirect.com/science/article/pii/S2215153222001027
https://www.sciencedirect.com/science/article/pii/S2215153222001027
https://www.sciencedirect.com/science/article/pii/S2215153222001027
https://www.sciencedirect.com/science/article/pii/S2215153222001027
https://www.sciencedirect.com/science/article/pii/S2215153222001027
http://ojs.omniakuatika.net/index.php/joa/article/view/259
http://ojs.omniakuatika.net/index.php/joa/article/view/259
http://ojs.omniakuatika.net/index.php/joa/article/view/259
https://www.sciencedirect.com/science/article/pii/S0025326X16308633
https://www.sciencedirect.com/science/article/pii/S0025326X16308633
https://www.sciencedirect.com/science/article/pii/S0025326X16308633
https://www.sciencedirect.com/science/article/pii/S0025326X16308633
https://www.sciencedirect.com/science/article/pii/S0025326X16308633
https://www.sciencedirect.com/science/article/pii/S0025326X16308633
http://www.jeeng.net/Heavy-Metal-Accumulation-in-Sediment-and-Removal-Efficiency-in-the-Stabilization,122189,0,2.html
http://www.jeeng.net/Heavy-Metal-Accumulation-in-Sediment-and-Removal-Efficiency-in-the-Stabilization,122189,0,2.html
http://www.jeeng.net/Heavy-Metal-Accumulation-in-Sediment-and-Removal-Efficiency-in-the-Stabilization,122189,0,2.html
http://www.jeeng.net/Heavy-Metal-Accumulation-in-Sediment-and-Removal-Efficiency-in-the-Stabilization,122189,0,2.html
http://www.jeeng.net/Heavy-Metal-Accumulation-in-Sediment-and-Removal-Efficiency-in-the-Stabilization,122189,0,2.html
https://link.springer.com/article/10.1007/s10661-013-3354-5
https://link.springer.com/article/10.1007/s10661-013-3354-5
https://link.springer.com/article/10.1007/s10661-013-3354-5
https://link.springer.com/article/10.1007/s10661-013-3354-5
https://link.springer.com/article/10.1007/s10661-013-3354-5
https://pubs.acs.org/doi/10.1021/es051054h
https://pubs.acs.org/doi/10.1021/es051054h
https://pubs.acs.org/doi/10.1021/es051054h
https://pubs.acs.org/doi/10.1021/es051054h
https://link.springer.com/article/10.1007/s10661-013-3263-7
https://link.springer.com/article/10.1007/s10661-013-3263-7
https://link.springer.com/article/10.1007/s10661-013-3263-7
https://link.springer.com/article/10.1007/s10661-013-3263-7
https://link.springer.com/article/10.1007/s10661-013-3263-7
https://www.sciencedirect.com/science/article/pii/S0269749117332402
https://www.sciencedirect.com/science/article/pii/S0269749117332402
https://www.sciencedirect.com/science/article/pii/S0269749117332402
https://www.sciencedirect.com/science/article/pii/S0269749117332402
https://www.sciencedirect.com/science/article/pii/S0269749117332402
https://www.mdpi.com/2071-1050/7/2/2189
https://www.mdpi.com/2071-1050/7/2/2189
https://www.mdpi.com/2071-1050/7/2/2189
https://www.mdpi.com/2071-1050/7/2/2189
https://www.mdpi.com/2071-1050/7/2/2189
https://www.mdpi.com/2071-1050/7/2/2189
https://www.sciencedirect.com/science/article/pii/S0025326X17301327
https://www.sciencedirect.com/science/article/pii/S0025326X17301327
https://www.sciencedirect.com/science/article/pii/S0025326X17301327
https://www.sciencedirect.com/science/article/pii/S0025326X17301327
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0263279
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0263279
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0263279
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0263279
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0263279
https://www.sciencedirect.com/science/article/pii/S0304389416301443
https://www.sciencedirect.com/science/article/pii/S0304389416301443
https://www.sciencedirect.com/science/article/pii/S0304389416301443
https://www.sciencedirect.com/science/article/pii/S0956053X16304135
https://www.sciencedirect.com/science/article/pii/S0956053X16304135
https://www.sciencedirect.com/science/article/pii/S0956053X16304135
https://www.sciencedirect.com/science/article/pii/S0956053X16304135
https://www.sciencedirect.com/science/article/pii/S0269749122005395
https://www.sciencedirect.com/science/article/pii/S0269749122005395
https://www.sciencedirect.com/science/article/pii/S0269749122005395
https://www.sciencedirect.com/science/article/pii/S0269749122005395
https://www.sciencedirect.com/science/article/pii/S0269749122005395
https://www.sciencedirect.com/science/article/pii/S0025326X14001465
https://www.sciencedirect.com/science/article/pii/S0025326X14001465
https://www.sciencedirect.com/science/article/pii/S0025326X14001465
https://www.sciencedirect.com/science/article/pii/S0025326X14001465
https://www.sciencedirect.com/science/article/pii/S0045653511010903
https://www.sciencedirect.com/science/article/pii/S0045653511010903
https://www.sciencedirect.com/science/article/pii/S0045653511010903
https://www.sciencedirect.com/science/article/pii/S0045653511010903
https://www.sciencedirect.com/science/article/pii/B9780080959757005076
https://www.sciencedirect.com/science/article/pii/B9780080959757005076
https://www.sciencedirect.com/science/article/pii/B9780080959757005076
https://pubs.acs.org/doi/10.1021/es0497835
https://pubs.acs.org/doi/10.1021/es0497835
https://pubs.acs.org/doi/10.1021/es0497835

Ghosh, P.; Thakur, I.S.; Kaushik, A., (2017). Bioassays for
toxicological risk assessment of landfill leachate: A review.
Ecotoxicol. Environ. Saf., 141: 259-270 (12 pages).

Gonzalez-Ortegon, E.; Laiz, |.; Sdnchez-Quiles, D.; Cobelo-Garcia,
A.; Tovar-Sanchez, A., (2019). Trace metal characterization
and fluxes from the Guadiana, Tinto-Odiel and Guadalquivir
estuaries to the Gulf of Cadiz. Sci. Total Environ., 650: 2454—
2466 (13 pages).

Harmesa, H.; Cordova, M.R., (2020). A preliminary study on heavy
metal pollutants chrome (Cr): cadmium (Cd): and lead (Pb) in
sediments and beach morning glory vegetation (Ipomoea pes-
caprae) from Dasun Estuary, Rembang, Indonesia. Mar. Pollut.
Bull., 111819 (6 pages).

Harmesa, H.; Lestari, L.; Budiyanto, F., (2020). Distribusi logam
berat dalam air laut dan sedimen di perairan Cimanuk, Jawa
Barat, Indonesia. OLDI., 5(1): 19-32 (14 pages).

Hossain, M.B.; Shanta, T.B.; Ahmed, A.S.S.; Hossain, M.K.; Semme,
S.A., (2019). Baseline study of heavy metal contamination in the
Sangu River estuary, Chattogram, Bangladesh. Mar. Pollut. Bull.,
140: 255-261 (7 pages).

Hou, S.; Zheng, N.; Tang, L.; Ji, X.; Li, Y.; Hua, X., (2019). Pollution
characteristics, sources, and health risk assessment of human
exposure to Cu, Zn, Cd and Pb pollution in urban street dust
across China between 2009 and 2018. Environ. Int., 128, 430—
437 (8 pages).

Houessionon, M.G.K.; Ouendo, E.-M.D.; Bouland, C.; Takyi,
S.A.; Kedote, N.M.; Fayomi, B.; Fobil, J. N.; Basu, N., (2021).
Environmental heavy metal contamination from electronic
waste (e-waste) recycling activities worldwide: a systematic
review from 2005 to 2017. Int. J. Environ. Health Res., 18(7) (16
pages).

Hussein, M.; Yoneda, K.; Zaki, Z.M.; Othman, N.; Amir, A. (2019).
Leachate characterizations and pollution indices of active and
closed unlined landfills in Malaysia. Environ. Nanotechnol.
Monit. Manage., 12: 100232 (9 pages).

Hussein, M.; Yoneda, K.; Mohd-Zaki, Z.; Amir, A.; Othman, N.,
(2021). Heavy metals in leachate, impacted soils and natural
soils of different landfills in Malaysia: An alarming threat.
Chemosphere, 267 (19 pages).

Ishak, A.R.; Mohamad, S.; Soo, T.K.; Hamid, F.S. (2016). Leachate
and Surface Water Characterization and Heavy Metal Health
Risk on Cockles in Kuala Selangor. Procedia — Soci. Behav. Sci.,
222:263-271 (9 pages).

Ishchenko, V., (2019). Heavy metals in municipal waste: the content
and leaching ability by waste fraction. J. Environ. Sci. Health A.,
54(14): 1448-1456 (9 pages).

Islam, M.S.; Ahmed, M.K.; Raknuzzaman, M.; Habibullah -Al-
Mamun, M.; Islam, M.K., (2015). Heavy metal pollution in
surface water and sediment: A preliminary assessment of an
urban river in a developing country. Ecol. Indic., 48: 282-291 (10
pages).

Jaradat, A.Q.; Telfah, D.B.; Ismail, R., (2021). Heavy metals removal
from landfill leachate by coagulation/flocculation process
combined with continuous adsorption using eggshell waste
materials. Water Sci. Technol., 84(12): 3817-3832 (16 pages).

Jaskuta, J.; Sojka, M., (2022). Assessment of spatial distribution of
sediment contamination with heavy metals in the two biggest
rivers in Poland. Catena, 211: 105959 (13 pages).

Kaewtubtim, P.; Meeinkuirt, W.; Seepom, S.; Pichtel, J., (2016).

334

Heavy metal phytoremediation potential of plant species in
a mangrove ecosystem in Pattani Bay, Thailand. Appl. Ecol.
Environ. Res., 14(1): 367-382 (16 pages).

Kementerian Perindustrian, (2020). Direktori Perusahaan Industri.
Perusahaan Jenis Komoditi Di Banten dan Jawa Barat, Indonesia.

Kalender, L.; Cicek Ugar, S., (2013). Assessment of metal
contamination in sediments in the tributaries of the Euphrates
River, using pollution indices and the determination of the
pollution source, Turkey. J. Geochem. Explor., 134: 73-84 (12
pages).

Kaschl, A.; Rémheld, V.; Chen, Y., (2002). The influence of soluble
organic matter from municipal solid waste compost on trace
metal leaching in calcareous soils. Sci. Total Environ., 291(1-3):
45-57 (13 pages).

Koesmawati, T.A.; Suratno, S.; Cordova, M.R., (2018). Preliminary
assessment of mercury, arsenic and selenium content in fish
from Batam Island Indonesia. AIP Conf. Proc., 2024 (10 pages).

Lestari, L.; Budiyanto, F.; Puspitasari, R.; Purbonegoro, T.; Cordova,
M.R.; Hindarti, D., (2018). Fractionation of metal in surface
sediment from Cirebon coastal waters, West Java, Indonesia. AIP
Conf. Proc., 2024 (10 pages).

Li, W.; Qian, H.; Xu, P.; Zhang, Q.; Chen, J.; Hou, K.; Ren, W.; Qu, W.;
Chen, Y. (2022). Distribution characteristics, source identification
and risk assessment of heavy metals in surface sediments of the
Yellow River, China. Catena, 216: 106376 (10 pages).

Li, X.; Bing, J.; Zhang, J.; Guo, L.; Deng, Z.; Wang, D.; Liu, L. (2022).
Ecological risk assessment and sources identification of heavy
metals in surface sediments of a river—reservoir system. Sci.
Total Environ., 842: 156683 (13 pages).

Li, Y.; Ren, S., (2011). Metal decorative materials. In Building
Decorative Materials. 169-200 (32 pages).

Li, Y.; Richardson, J.B.; Mark Bricka, R.; Niu, X.; Yang, H.; Li, L.;
Jimenez, A., (2009). Leaching of heavy metals from E-waste in
simulated landfill columns. Waste Manage., 29(7): 2147-2150
(4 pages).

Liu, J.; Yin, P.; Chen, B.; Gao, F.; Song, H.; Li, M., (2016). Distribution
and contamination assessment of heavy metals in surface
sediments of the Luanhe River Estuary, northwest of the Bohai
Sea. Mar. Pollut. Bull., 109(1): 633-639 (7 pages).

Meidiana, C.; Gamse, T., (2010). The new Waste Law: Challenging
opportunity for future landfill operation in Indonesia. Waste
Manage. Res., 29(1): 20-29 (10 pages).

Miranda, L.S.; Wijesiri, B.; Ayoko, G.A.; Egodawatta, P.; Goonetilleke,
A., (2021). Water-sediment interactions and mobility of heavy
metals in aquatic environments. Water Res., 202 (9 pages).

Mojiri, A.; Zhou, J.L.; Ratnaweera, H., Ohashi, A.; Ozaki, N.;
Kindaichi, T.; Asakura, H. (2021). Treatment of landfill leachate
with different techniques: An overview. J. Water Reuse Desalin.,
11(1): 66-96 (11 pages).

Mohammed, A.S.; Kapri, A.; Goel, R., (2011). Heavy metal pollution:
Source, impact, and remedies. 1-28 (28 pages).

Munawar, E.; Yunardi, Y.; Lederer, J.; Fellner, J., (2018). The
development of landfill operation and management in
Indonesia. J. Mater. Cycles Waste Manage., 20(2): 1128-1142
(15 pages).

Nakayama, S.M.M.; lkenaka, Y.; Muzandu, K.; Choongo, K.;
Oroszlany, B.; Teraoka, H.; Mizuno, N.; Ishizuka, M. (2010).
Heavy metal accumulation in lake sediments, fish (Oreochromis
niloticus and Serranochromis thumbergi), and crayfish (Cherax


https://www.sciencedirect.com/science/article/pii/S0147651317301562
https://www.sciencedirect.com/science/article/pii/S0147651317301562
https://www.sciencedirect.com/science/article/pii/S0147651317301562
https://www.sciencedirect.com/science/article/pii/S0048969718337410
https://www.sciencedirect.com/science/article/pii/S0048969718337410
https://www.sciencedirect.com/science/article/pii/S0048969718337410
https://www.sciencedirect.com/science/article/pii/S0048969718337410
https://www.sciencedirect.com/science/article/pii/S0048969718337410
https://www.sciencedirect.com/science/article/pii/S0025326X20309371
https://www.sciencedirect.com/science/article/pii/S0025326X20309371
https://www.sciencedirect.com/science/article/pii/S0025326X20309371
https://www.sciencedirect.com/science/article/pii/S0025326X20309371
https://www.sciencedirect.com/science/article/pii/S0025326X20309371
https://oldi.lipi.go.id/index.php/oldi/article/view/310
https://oldi.lipi.go.id/index.php/oldi/article/view/310
https://oldi.lipi.go.id/index.php/oldi/article/view/310
https://www.sciencedirect.com/science/article/pii/S0025326X19300785
https://www.sciencedirect.com/science/article/pii/S0025326X19300785
https://www.sciencedirect.com/science/article/pii/S0025326X19300785
https://www.sciencedirect.com/science/article/pii/S0025326X19300785
https://www.sciencedirect.com/science/article/pii/S0160412019304453
https://www.sciencedirect.com/science/article/pii/S0160412019304453
https://www.sciencedirect.com/science/article/pii/S0160412019304453
https://www.sciencedirect.com/science/article/pii/S0160412019304453
https://www.sciencedirect.com/science/article/pii/S0160412019304453
https://www.mdpi.com/1660-4601/18/7/3517
https://www.mdpi.com/1660-4601/18/7/3517
https://www.mdpi.com/1660-4601/18/7/3517
https://www.mdpi.com/1660-4601/18/7/3517
https://www.mdpi.com/1660-4601/18/7/3517
https://www.mdpi.com/1660-4601/18/7/3517
https://www.sciencedirect.com/science/article/pii/S2215153219300212
https://www.sciencedirect.com/science/article/pii/S2215153219300212
https://www.sciencedirect.com/science/article/pii/S2215153219300212
https://www.sciencedirect.com/science/article/pii/S2215153219300212
https://www.sciencedirect.com/science/article/pii/S0045653520330721
https://www.sciencedirect.com/science/article/pii/S0045653520330721
https://www.sciencedirect.com/science/article/pii/S0045653520330721
https://www.sciencedirect.com/science/article/pii/S0045653520330721
https://www.sciencedirect.com/science/article/pii/S1877042816302300
https://www.sciencedirect.com/science/article/pii/S1877042816302300
https://www.sciencedirect.com/science/article/pii/S1877042816302300
https://www.sciencedirect.com/science/article/pii/S1877042816302300
https://www.tandfonline.com/doi/full/10.1080/10934529.2019.1655369
https://www.tandfonline.com/doi/full/10.1080/10934529.2019.1655369
https://www.tandfonline.com/doi/full/10.1080/10934529.2019.1655369
https://www.sciencedirect.com/science/article/pii/S1470160X14003719
https://www.sciencedirect.com/science/article/pii/S1470160X14003719
https://www.sciencedirect.com/science/article/pii/S1470160X14003719
https://www.sciencedirect.com/science/article/pii/S1470160X14003719
https://www.sciencedirect.com/science/article/pii/S1470160X14003719
https://iwaponline.com/wst/article/84/12/3817/85224/Heavy-metals-removal-from-landfill-leachate-by
https://iwaponline.com/wst/article/84/12/3817/85224/Heavy-metals-removal-from-landfill-leachate-by
https://iwaponline.com/wst/article/84/12/3817/85224/Heavy-metals-removal-from-landfill-leachate-by
https://iwaponline.com/wst/article/84/12/3817/85224/Heavy-metals-removal-from-landfill-leachate-by
https://www.sciencedirect.com/science/article/pii/S0341816221008171
https://www.sciencedirect.com/science/article/pii/S0341816221008171
https://www.sciencedirect.com/science/article/pii/S0341816221008171
https://www.aloki.hu/pdf/1401_367382.pdf
https://www.aloki.hu/pdf/1401_367382.pdf
https://www.aloki.hu/pdf/1401_367382.pdf
https://www.aloki.hu/pdf/1401_367382.pdf
https://kemenperin.go.id/direktori-perusahaan
https://kemenperin.go.id/direktori-perusahaan
https://www.sciencedirect.com/science/article/pii/S0375674213001659
https://www.sciencedirect.com/science/article/pii/S0375674213001659
https://www.sciencedirect.com/science/article/pii/S0375674213001659
https://www.sciencedirect.com/science/article/pii/S0375674213001659
https://www.sciencedirect.com/science/article/pii/S0375674213001659
https://www.sciencedirect.com/science/article/pii/S0048969701010919
https://www.sciencedirect.com/science/article/pii/S0048969701010919
https://www.sciencedirect.com/science/article/pii/S0048969701010919
https://www.sciencedirect.com/science/article/pii/S0048969701010919
https://aip.scitation.org/doi/epdf/10.1063/1.5064308
https://aip.scitation.org/doi/epdf/10.1063/1.5064308
https://aip.scitation.org/doi/epdf/10.1063/1.5064308
https://aip.scitation.org/doi/abs/10.1063/1.5064348
https://aip.scitation.org/doi/abs/10.1063/1.5064348
https://aip.scitation.org/doi/abs/10.1063/1.5064348
https://aip.scitation.org/doi/abs/10.1063/1.5064348
https://www.sciencedirect.com/science/article/pii/S0341816222003629
https://www.sciencedirect.com/science/article/pii/S0341816222003629
https://www.sciencedirect.com/science/article/pii/S0341816222003629
https://www.sciencedirect.com/science/article/pii/S0341816222003629
https://www.sciencedirect.com/science/article/pii/S0048969722037809
https://www.sciencedirect.com/science/article/pii/S0048969722037809
https://www.sciencedirect.com/science/article/pii/S0048969722037809
https://www.sciencedirect.com/science/article/pii/S0048969722037809
https://www.sciencedirect.com/science/article/pii/B9780857092571500097
https://www.sciencedirect.com/science/article/pii/B9780857092571500097
https://www.sciencedirect.com/science/article/pii/S0956053X09000403
https://www.sciencedirect.com/science/article/pii/S0956053X09000403
https://www.sciencedirect.com/science/article/pii/S0956053X09000403
https://www.sciencedirect.com/science/article/pii/S0956053X09000403
https://www.sciencedirect.com/science/article/pii/S0025326X16303204
https://www.sciencedirect.com/science/article/pii/S0025326X16303204
https://www.sciencedirect.com/science/article/pii/S0025326X16303204
https://www.sciencedirect.com/science/article/pii/S0025326X16303204
https://journals.sagepub.com/doi/10.1177/0734242X10384013
https://journals.sagepub.com/doi/10.1177/0734242X10384013
https://journals.sagepub.com/doi/10.1177/0734242X10384013
https://www.sciencedirect.com/science/article/pii/S0043135421005844
https://www.sciencedirect.com/science/article/pii/S0043135421005844
https://www.sciencedirect.com/science/article/pii/S0043135421005844
https://link.springer.com/chapter/10.1007/978-94-007-1914-9_1
https://link.springer.com/chapter/10.1007/978-94-007-1914-9_1
https://link.springer.com/article/10.1007/s10163-017-0676-3
https://link.springer.com/article/10.1007/s10163-017-0676-3
https://link.springer.com/article/10.1007/s10163-017-0676-3
https://link.springer.com/article/10.1007/s10163-017-0676-3
https://link.springer.com/article/10.1007/s00244-010-9483-8
https://link.springer.com/article/10.1007/s00244-010-9483-8
https://link.springer.com/article/10.1007/s00244-010-9483-8
https://link.springer.com/article/10.1007/s00244-010-9483-8

quadricarinatus) in lake itezhi-tezhi and lake Kariba, Zambia.
Arch. Environ. Contamin. Toxicol., 59(2): 291-300 (10 pages).

Nasrabadi, T.; Ruegner, H.; Schwientek, M.; Bennett, J.; Valipour,
S.F.; Grathwohl, P., (2018). Bulk metal concentrations versus
total suspended solids in rivers: Time-invariant and catchment-
specific relationships. PLoS ONE. 13(1) (19 pages).

Naveen, B.P.; Mahapatra, D.M.; Sitharam, T.G.; Sivapullaiah, PV.;
Ramachandra, TV., (2017). Physico-chemical and biological
characterization of urban municipal landfill leachate. Environ.
Pollut., 220: 1-12 (12 pages).

Nurhasanah, Cordova, M.R.; Riani, E., (2021). Micro- and
mesoplastics release from the Indonesian municipal solid waste
landfill leachate to the aquatic environment: Case study in
Galuga Landfill Area, Indonesia. Mar. Pollut. Bull., 163, 111986
(9 pages).

Oman, C.B.; Junestedt, C., (2008). Chemical characterization of
landfill leachates - 400 parameters and compounds. Waste
Manage., 28(10): 18761891 (16 pages).

Pagnanelli, F.; Moscardini, E.; Giuliano, V.; Toro, L., (2004).
Sequential extraction of heavy metals in river sediments of an
abandoned pyrite mining area: Pollution detection and affinity
series. Environ. Pollut., 132(2): 189-201 (13 pages).

Pinedo-Gonzalez, P.; Hellige, B.; West, A.J.; Safiudo-Wilhelmy, S.A.,
(2017). Changes in the size partitioning of metals in storm runoff
following wildfires: Implications for the transport of bioactive
trace metals. Appl. Geochem., 83: 62—71 (10 pages).

Puspitasari, R.; Lestari, L., (2018). Assesment of heavy metal in
kramat kebo estuary, west java, indonesia as habitat of Oryzias
javanicus. J. Segara, 14(2) (8 pages).

Puspitasari, R.; Suratno; Purbonegoro, T., (2020). Health risk
assessment of metal accumulated in marine bivalves from
Semarang, Indonesia. AACL Bioflux, 13(2): 993-1002 (10 pages).

Riani, E.; Cordova, M.R.; Arifin, Z., (2018). Heavy metal pollution
and its relation to the malformation of green mussels cultured
in Muara Kamal waters, Jakarta Bay, Indonesia. Mar. Pollut. Bull.,
133: 664-670 (7 pages).

Riani, E.; Sudarso, Y.; Cordova, M.R., (2014). Heavy metals
effect on unviable larvae of dicrotendipes simpsoni (diptera:
Chironomidae): a case study from Saguling Dam, Indonesia.
AACL Bioflux, 7(2): 76-84 (9 pages).

Robinson, T., (2017). Removal of toxic metals during biological
treatment of landfill leachates. Waste Manage., 63: 299-309
(11 pages).

Rosado, D.; Usero, J.; Morillo, J., (2016). Assessment of heavy
metals bioavailability and toxicity toward Vibrio fischeri in
sediment of the Huelva estuary. Chemosphere, 153: 10-17 (8
pages).

Roudi, A.M.; Kamyab, H.; Chelliapan, S.; Ashokkumar, V.; Kumar,
A.; Yadav, K.K.; Gupta, N. (2020). Application of response
surface method for Total organic carbon reduction in leachate
treatment using Fenton process. Environ. Technol. Innovation.
19 (13 pages).

Roussiez, V.; Ludwig, W.; Radakovitch, O.; Probst, J.L.; Monaco,
A.; Charriere, B.; Buscail, R., (2011). Fate of metals in coastal
sediments of a Mediterranean flood-dominated system: An
approach based on total and labile fractions. Estuar. Coast. Shelf
Sci., 92(3): 486495 (10 pages).

Saher, N.U.; Siddiqui, A.S., (2019). Occurrence of heavy metals
in sediment and their bioaccumulation in sentinel crab

335

(Macrophthalmus depressus) from highly impacted coastal
zone. Chemosphere, 221: 89-98 (10 pages).

Saikia, B.J.; Parthasarathy, G.; Borah, R.R. (2022). Geoenvironment
and weathering of silicate minerals in sediments of the
Brahmaputra river, India: Implications for heavy metal pollution
assessment. Geosyst. Geoenviron., 1(3): 100065 (6 pages).

Sakawi, Z.; Rozaimi Ariffin, M.; Mastura, S.S.A.; Jali, M.F.M., (2013).
The analysis of heavy metal concentration per distance and
depth around the vicinity of open landfill. Res. J. Appl. Sci. Eng.
Technol., 5(24): 8619-8625 (7 pages).

Sanchez-Chardi, A.; Nadal, J., (2007). Bioaccumulation of metals
and effects of landfill pollution in small mammals. Part I. The
greater white-toothed shrew, Crocidura russula. Chemosphere,
68(4): 703-711 (9 pages).

Santos, I.R.; De Weys, J.; Eyre, B.D., (2011). Groundwater or
floodwater? Assessing the pathways of metal exports from
a coastal acid sulfate soil catchment. Environ. Sci. Technol.,
45(22): 9641-9648 (8 pages).

Singh, R.; Coyne, L.S.; Wallace, L.S. (2015). Brief screening items to
identify spanish-speaking adults with limited health literacy and
numeracy skills. BMC Health Serv. Res., 15(1) (7 pages).

Statistic Indonesia, (2021). Statistik Lingkungan Hidup Indonesia
2021. Badan Pusat Statistik Indonesia (318 pages).

Sulistyowati, L.; Nurhasanah, Riani, E.; Cordova, M.R., (2022).
The occurrence and abundance of microplastics in surface
water of the midstream and downstream of the Cisadane River,
Indonesia. Chemosphere, 291: 133071 (8 pages).

Suresh, G.; Sutharsan, P.; Ramasamy, V.; Venkatachalapathy,
R., (2012). Assessment of spatial distribution and potential
ecological risk of the heavy metals in relation to granulometric
contents of Veeranam Lake sediments, India. Ecotoxicol.
Environ. Saf., 84: 117-124 (8 pages).

Tang, W.; Shan, B.; Zhang, H.; Mao, Z., (2010). Heavy metal sources
and associated risk in response to agricultural intensification in
the estuarine sediments of Chaohu Lake Valley, East China. J.
Hazard. Mater., 176(1-3): 945-951 (7 pages).

The Jakarta Post, (2020). South Tangerang landfill wall collapses,
spilling 100 tons of waste into Cisadane River.

Thongyuan, S.; Khantamoon, T.; Aendo, P.; Binot, A.; Tulayakul,
P., (2021). Ecological and health risk assessment, carcinogenic
and non-carcinogenic effects of heavy metals contamination in
the soil from municipal solid waste landfill in Central, Thailand.
Hum. Ecol. Risk Assess., 27(4): 876—-897 (22 pages).

USEPA, (2005). Contaminated sediment remediation guidance
for hazardous waste sites. In Office of Solid Waste and
Emergency Response. United States of Environmental
Protection Agency.

USEPA, (2007). Method 3051A (SW-846): Microwave assisted acid
digestion of sediments, sludges, and oils (Revision 1). United
States of Environmental Protection Agency.

Vandecasteele, B.; Samyn, J.; Quataert, P.; Muys, B.; Tack, FM.G.,
(2004). Earthworm biomass as additional information for risk
assessment of heavy metal biomagnification: A case study for
dredged sediment-derived soils and polluted floodplain soils.
Environ. Pollut., 129(3): 363-375 (13 pages).

Wang, L.; Guo, Z.; Xiao, X.; Chen, T.; Liao, X.; Song, J.; Wu, B. (2008).
Heavy metal pollution of soils and vegetables in the midstream
and downstream of the Xiangjiang River, Hunan Province. J.
Geogr. Sci., 18(3): 353—-362 (10 pages).


https://link.springer.com/article/10.1007/s00244-010-9483-8
https://link.springer.com/article/10.1007/s00244-010-9483-8
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0191314
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0191314
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0191314
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0191314
https://www.sciencedirect.com/science/article/pii/S0269749116311150
https://www.sciencedirect.com/science/article/pii/S0269749116311150
https://www.sciencedirect.com/science/article/pii/S0269749116311150
https://www.sciencedirect.com/science/article/pii/S0269749116311150
https://www.sciencedirect.com/science/article/pii/S0025326X21000205
https://www.sciencedirect.com/science/article/pii/S0025326X21000205
https://www.sciencedirect.com/science/article/pii/S0025326X21000205
https://www.sciencedirect.com/science/article/pii/S0025326X21000205
https://www.sciencedirect.com/science/article/pii/S0025326X21000205
https://www.sciencedirect.com/science/article/pii/S0956053X07002371
https://www.sciencedirect.com/science/article/pii/S0956053X07002371
https://www.sciencedirect.com/science/article/pii/S0956053X07002371
https://www.sciencedirect.com/science/article/pii/S0269749104001861
https://www.sciencedirect.com/science/article/pii/S0269749104001861
https://www.sciencedirect.com/science/article/pii/S0269749104001861
https://www.sciencedirect.com/science/article/pii/S0269749104001861
https://www.sciencedirect.com/science/article/pii/S088329271630172X
https://www.sciencedirect.com/science/article/pii/S088329271630172X
https://www.sciencedirect.com/science/article/pii/S088329271630172X
https://www.sciencedirect.com/science/article/pii/S088329271630172X
http://ejournal-balitbang.kkp.go.id/index.php/segara/article/view/6643
http://ejournal-balitbang.kkp.go.id/index.php/segara/article/view/6643
http://ejournal-balitbang.kkp.go.id/index.php/segara/article/view/6643
http://www.bioflux.com.ro/docs/2020.993-1002.pdf
http://www.bioflux.com.ro/docs/2020.993-1002.pdf
http://www.bioflux.com.ro/docs/2020.993-1002.pdf
https://www.sciencedirect.com/science/article/pii/S0025326X18304260
https://www.sciencedirect.com/science/article/pii/S0025326X18304260
https://www.sciencedirect.com/science/article/pii/S0025326X18304260
https://www.sciencedirect.com/science/article/pii/S0025326X18304260
http://www.bioflux.com.ro/docs/2014.76-84.pdf
http://www.bioflux.com.ro/docs/2014.76-84.pdf
http://www.bioflux.com.ro/docs/2014.76-84.pdf
http://www.bioflux.com.ro/docs/2014.76-84.pdf
https://www.sciencedirect.com/science/article/pii/S0956053X16307735
https://www.sciencedirect.com/science/article/pii/S0956053X16307735
https://www.sciencedirect.com/science/article/pii/S0956053X16307735
https://www.sciencedirect.com/science/article/pii/S0045653516303484
https://www.sciencedirect.com/science/article/pii/S0045653516303484
https://www.sciencedirect.com/science/article/pii/S0045653516303484
https://www.sciencedirect.com/science/article/pii/S0045653516303484
https://www.sciencedirect.com/science/article/pii/S2352186420301656
https://www.sciencedirect.com/science/article/pii/S2352186420301656
https://www.sciencedirect.com/science/article/pii/S2352186420301656
https://www.sciencedirect.com/science/article/pii/S2352186420301656
https://www.sciencedirect.com/science/article/pii/S2352186420301656
https://www.sciencedirect.com/science/article/pii/S0272771411000503
https://www.sciencedirect.com/science/article/pii/S0272771411000503
https://www.sciencedirect.com/science/article/pii/S0272771411000503
https://www.sciencedirect.com/science/article/pii/S0272771411000503
https://www.sciencedirect.com/science/article/pii/S0272771411000503
https://www.sciencedirect.com/science/article/pii/S0045653519300086
https://www.sciencedirect.com/science/article/pii/S0045653519300086
https://www.sciencedirect.com/science/article/pii/S0045653519300086
https://www.sciencedirect.com/science/article/pii/S0045653519300086
https://www.sciencedirect.com/science/article/pii/S2772883822000425
https://www.sciencedirect.com/science/article/pii/S2772883822000425
https://www.sciencedirect.com/science/article/pii/S2772883822000425
https://www.sciencedirect.com/science/article/pii/S2772883822000425
https://maxwellsci.com/jp/mspabstract.php?jid=RJASET&doi=rjaset.5.4246
https://maxwellsci.com/jp/mspabstract.php?jid=RJASET&doi=rjaset.5.4246
https://maxwellsci.com/jp/mspabstract.php?jid=RJASET&doi=rjaset.5.4246
https://maxwellsci.com/jp/mspabstract.php?jid=RJASET&doi=rjaset.5.4246
https://www.sciencedirect.com/science/article/pii/S0045653507001439
https://www.sciencedirect.com/science/article/pii/S0045653507001439
https://www.sciencedirect.com/science/article/pii/S0045653507001439
https://www.sciencedirect.com/science/article/pii/S0045653507001439
https://pubs.acs.org/doi/10.1021/es202581h
https://pubs.acs.org/doi/10.1021/es202581h
https://pubs.acs.org/doi/10.1021/es202581h
https://pubs.acs.org/doi/10.1021/es202581h
https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-015-1046-2
https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-015-1046-2
https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-015-1046-2
https://www.bps.go.id/publication/2020/11/27/5a798b6b8a86079696540452/statistik-lingkungan-hidup-indonesia-2020.html
https://www.bps.go.id/publication/2020/11/27/5a798b6b8a86079696540452/statistik-lingkungan-hidup-indonesia-2020.html
https://www.sciencedirect.com/science/article/pii/S0045653521035438
https://www.sciencedirect.com/science/article/pii/S0045653521035438
https://www.sciencedirect.com/science/article/pii/S0045653521035438
https://www.sciencedirect.com/science/article/pii/S0045653521035438
https://www.sciencedirect.com/science/article/pii/S0147651312002242
https://www.sciencedirect.com/science/article/pii/S0147651312002242
https://www.sciencedirect.com/science/article/pii/S0147651312002242
https://www.sciencedirect.com/science/article/pii/S0147651312002242
https://www.sciencedirect.com/science/article/pii/S0147651312002242
https://www.sciencedirect.com/science/article/pii/S0304389409019517
https://www.sciencedirect.com/science/article/pii/S0304389409019517
https://www.sciencedirect.com/science/article/pii/S0304389409019517
https://www.sciencedirect.com/science/article/pii/S0304389409019517
https://www.thejakartapost.com/news/2020/05/23/south-tangerang-landfill-wall-collapses-spilling-100-tons-of-waste-into-cisadane-river.html
https://www.thejakartapost.com/news/2020/05/23/south-tangerang-landfill-wall-collapses-spilling-100-tons-of-waste-into-cisadane-river.html
https://www.tandfonline.com/doi/full/10.1080/10807039.2020.1786666
https://www.tandfonline.com/doi/full/10.1080/10807039.2020.1786666
https://www.tandfonline.com/doi/full/10.1080/10807039.2020.1786666
https://www.tandfonline.com/doi/full/10.1080/10807039.2020.1786666
https://www.tandfonline.com/doi/full/10.1080/10807039.2020.1786666
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P1000R7F.TXT
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P1000R7F.TXT
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P1000R7F.TXT
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P1000R7F.TXT
https://www.epa.gov/sites/default/files/2015-12/documents/3051a.pdf
https://www.epa.gov/sites/default/files/2015-12/documents/3051a.pdf
https://www.epa.gov/sites/default/files/2015-12/documents/3051a.pdf
https://www.sciencedirect.com/science/article/pii/S0269749103004822
https://www.sciencedirect.com/science/article/pii/S0269749103004822
https://www.sciencedirect.com/science/article/pii/S0269749103004822
https://www.sciencedirect.com/science/article/pii/S0269749103004822
https://www.sciencedirect.com/science/article/pii/S0269749103004822
https://link.springer.com/article/10.1007/s11442-008-0353-5
https://link.springer.com/article/10.1007/s11442-008-0353-5
https://link.springer.com/article/10.1007/s11442-008-0353-5
https://link.springer.com/article/10.1007/s11442-008-0353-5

Wedepohl, K.H., (1994). The Composition of the Continental Crust.
Mineralogical Magazine, 58A(2): 959-960 (2 pages).

Wijesiri, B.; Deilami, K.; Goonetilleke, A., (2018). Evaluating the
relationship between temporal changes in land use and resulting
water quality. Environ. Pollut., 234: 480-486 (17 pages).

Wuana, R.A.; Okieimen, F.E., (2011). Heavy metals in contaminated
soils: a review of sources, chemistry, risks and best available
strategies for remediation. ISRN Ecology, 2011, 1-20 (20 pages).

Xie, F.; Yu, M.; Yuan, Q.; Meng, Y.; Qie, Y.; Shang, Z.; Luan, F.; Zhang,
D., (2022). Spatial distribution, pollution assessment, and source
identification of heavy metals in the Yellow River. J. Hazard.

Mater., 436: 129309 (16 pages).

Xu, Y.; Xue, X., Dong, L.; Nai, C.; Liu, Y.; Huang, Q. (2018). Long-term
dynamics of leachate production, leakage from hazardous waste
landfill sites and the impact on groundwater quality and human
health. Waste Manage., 82: 156-166 (11 pages).

Yong, S.TY.; Chen, W., (2002). Modeling the relationship between
land use and surface water quality. J. Environ. Manage., 66(4):
377-393 (17 pages).

Yoon, V.K.; Stein, E.D., (2008). Natural catchments as sources of
background levels of storm-water metals, nutrients, and solids.
J. Environ. Eng., 134(12): 961-973 (13 pages).

AUTHOR (S) BIOSKETCHES

Pamulang Tangerang Selatan, 15418, Indonesia.

=  Email: liliks@ecampus.ut.ac.id

= ORCID: 0000-0002-2200-1157

= Web of Science ResearcherID: A-9464-2018

= Scopus Author ID: 57357897800

= Homepage: https://pwk-fst.ut.ac.id/lilik-sulistyowati/

Pamulang Tangerang Selatan, 15418, Indonesia.
= Email: nenganah@ecampus.ut.ac.id

= ORCID: 0000-0001-7234-9111

= Web of Science ResearcherlD: A-9600-2018
= Scopus Author ID: 57214684688

= Homepage: https://nurhas.staff.ut.ac.id/

University, Bogor, Indonesia.

=  Email: etty_riani@apps.ipb.ac.id

= ORCID: 0000-0003-2080-4236

= Web of Science ResearcherID: AER-8235-2022
= Scopus Author ID: 23398401800

= Email: muhammad.reza.cordova@brin.go.id
= ORCID: 0000-0002-4756-9646

= Web of Science ResearcherID: AAL-7273-2020
= Scopus Author ID: 56147418700

Sulistyowati, L., Ph.D., Assistant Professor, Environmental Studies Graduate Program, Universitas Terbuka, JI. Cabe Raya, Pondok Cabe,

Nurhasanah, Ph.D., Assistant Professor, Environmental Studies Graduate Program, Universitas Terbuka, JI. Cabe Raya, Pondok Cabe,

Riani, E., Ph.D., Professor, Department of Aquatic Resources Management, Faculty of Fishery and Marine Science, Bogor Agricultural

= Homepage: http://psl.ipb.ac.id/teachers/prof-dr-etty-riani-ms/

Cordova, M.R., Ph.D. Senior Researcher, Research Center for Oceanography, National Research and Innovation Agency Republic of
Indonesia, BRIN Kawasan Jakarta Ancol, JI. Pasir Putih 1, Ancol Timur, Jakarta, Indonesia.

= Homepage: https://siin.brin.go.id/smi/7FOD69E8-2A0B-4C8E-8E51-69D3734456E0

HOW TO CITE THIS ARTICLE

9(2): 323-336.
DOI: 10.22034/gjesm.2023.02.11
url: https://www.gjesm.net/article_254984.html

Sulistyowati, L.; Nurhasanah; Riani, E.; Cordova, M.R., (2022). Heavy metals concentration in the sediment
of the aquatic environment caused by the leachate discharge from a landfill. Global J. Environ. Sci. Manage.,

336


https://www.minersoc.org/pages/Archive-MM/Volume_58A/58A-2-959.pdf
https://www.minersoc.org/pages/Archive-MM/Volume_58A/58A-2-959.pdf
https://www.sciencedirect.com/science/article/pii/S026974911734366X
https://www.sciencedirect.com/science/article/pii/S026974911734366X
https://www.sciencedirect.com/science/article/pii/S026974911734366X
https://www.hindawi.com/journals/isrn/2011/402647/
https://www.hindawi.com/journals/isrn/2011/402647/
https://www.hindawi.com/journals/isrn/2011/402647/
https://www.sciencedirect.com/science/article/pii/S0304389422010998
https://www.sciencedirect.com/science/article/pii/S0304389422010998
https://www.sciencedirect.com/science/article/pii/S0304389422010998
https://www.sciencedirect.com/science/article/pii/S0304389422010998
https://www.sciencedirect.com/science/article/pii/S0956053X18306196
https://www.sciencedirect.com/science/article/pii/S0956053X18306196
https://www.sciencedirect.com/science/article/pii/S0956053X18306196
https://www.sciencedirect.com/science/article/pii/S0956053X18306196
https://www.sciencedirect.com/science/article/pii/S0301479702905931
https://www.sciencedirect.com/science/article/pii/S0301479702905931
https://www.sciencedirect.com/science/article/pii/S0301479702905931
https://ascelibrary.org/doi/10.1061/%28ASCE%290733-9372%282008%29134%3A12%28961%29
https://ascelibrary.org/doi/10.1061/%28ASCE%290733-9372%282008%29134%3A12%28961%29
https://ascelibrary.org/doi/10.1061/%28ASCE%290733-9372%282008%29134%3A12%28961%29

Global Journal of Environmental Science and Management

(GJESM)

Homepage: https://www.gjesm.net/

Characterization and quantification of solid waste in rural regions

S. Syafrudin?, J.M. Masjhoer?*",

M. Maryono*

1 Department of Environmental Engineering, Faculty of Engineering, Diponegoro University, Semarang, Indonesia

2Environmental Science Doctoral Program, School of Postgraduate Studies, Diponegoro University, Semarang, Indonesia

3Sekolah Tinggi Pariwisata Ambarrukmo Yogyakarta, S1 Pariwisata, Indonesia

“Department of Urban and Regional Planning, Faculty of Engineering, Diponegoro University, Semarang, Indonesia

ARTICLE INFO

ABSTRACT

Article History:

Received 11 June 2022
Revised 11 September 2022
Accepted 18 October 2022

Keywords:

Rural areas

Solid waste

Waste composition
Waste density
Waste generation
Waste management

DOI: 10.22034/gjesm.2023.02.12

Population growth and economic activity in rural areas
are factors driving the waste generation rate. Rural waste management generally still applies
conventional patterns and has the potential to damage the environment and threaten human
health. Challenges and remedial measures for solid waste management in rural areas differ from
urban ones. The first step in planning a waste management system is to identify the generation
and characteristics of waste. Unfortunately, data on waste generation and characteristics in rural
areas in developing countries are still minimal. The problems are mainly caused by the development
of the tourism industry, and it certainly requires waste management as the solution. However,
due to the unavailability of waste generation data, this study aims to measure and analyze waste
characteristics in the southern zone of Gunungkidul Regency.

Primary data collection was taken from 16 randomly selected villages in six sub-districts
in Gunungkidul Regency. A door-to-door survey was carried to 110 residential and 160 non-
residential samples for eight consecutive days using the Indonesian National Standard 19-3964-
1994 method. The processed data were analyzed using a quantitative descriptive method.

The results showed that the average waste generation was 0.29 kilograms per person per
day. It shows that the waste generation in the study area is categorized in small-town classification.
75 percent of solid waste generated is food waste and leaves. Meanwhile, paper, plastic, glass, wood,
other materials, and fabrics were calculated at 11.8 percent, 10.1 percent, 1.7 percent, 0.5 percent,
0.5 percent, and 0.4 percent respectively. Housing produced less recycled waste as indicated by a
high density of 110.6 kilograms per cubic meter. Waste generation and composition are influenced
by socioeconomic factors such as economic activity and lifestyle, geographic conditions, and
downtown attractiveness.

The characteristics of the waste produced by the southern zone of Gunungkidul
Regency are not much different from most rural areas in developing countries. Rural waste
management needs to see organic waste as the main management material. Organic waste
processing through composting can be a future solution, but the active role of residents determines
its success. In addition, this method can help extend the life of the landfill capacity because the
volume of organic waste will be reduced by half.
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Population and human activities directly relate
to the generation rate and composition of solid
waste. The lack of waste services in both urban
and rural areas will cause environmental and public
health problems. Generally, rural areas in developing
countries manage their waste by burning them (de
Morais Lima and Paulo, 2018), burying them, or
dumping them in backyard pits. Some use the waste
from the leftover food as animal feed (Qi et al., 2021;
Nguyen and Watanabe, 2019). The level of household
education, the availability of public waste collection
facilities (Liu et al., 2020), village spatial planning
(Wang et al., 2018), social, economic, and natural
conditions (Han et al., 2018) have influenced these
behaviors. Conventional waste management by
rural communities can trigger further environmental
problems and threaten human health. Small-scale
burning of waste in rural China produces emissions
of dioxins and dioxin-like pollutants that can be
easily exposed to humans through inhalation (Yang
et al., 2019). Waste incineration increases toxic
elements in the air, soil, and water, so it significantly
impacts freshwater ecosystems (Lima et al., 2021).
The decline in environmental quality and public
health will ultimately reduce productivity and
economic growth (Kubanza and Simatele, 2019).
These various risks illustrate that rural areas need
waste management. Planning for sustainable waste
management can be initiated by understanding the
generation and composition of waste. The availability
of waste generation and composition data is the basis
for appropriate waste management methods and
technologies. To date, several studies have quantified
the generation and composition of waste. There are
differences between rural and urban areas in waste
generation rate and composition. Based on some
studies, rural waste generation in various developing
countries ranges between 0.178-0.9 kilogram per
capita per day (kg/capita/day). Romania’s rural
areas produce an average of 0.4 kilogram per day
(kg/day) of waste (Ciuta et al., 2015). Villages in
Southwest China generated an average of 0.178 kg of
waste per day (Han et al., 2015). Rural areas in Iran
produce waste from 0.293 to 0.588 kg per capita per
day (Darban Astane and Hajilo, 2017; Vahidi et al.,
2017; Taghipour et al., 2016). Mae Salong Nok Sub-
district in Thailand generates 0.9 kg of waste per day
(Suma et al., 2019). In contrast to earlier findings,
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urban areas in 20 countries generated an average
of 3.4 kg of solid waste per day (Programme, 2010),
which is 70-80 percent (%) greater than rural areas
(Hoang et al., 2017). Based on the waste composition
generated, rural areas in various countries produce
50.5% organic waste on average. Rural areas in
Iran such as Khosrowshah District (Taghipour et al.,
2016), Khodabandeh District (Darban Astane and
Hajilo, 2017), Chaharmahal and Bakhtiari Provinces,
and Yazd Province (Vahidi et al., 2017), on average,
produce 49.8% organic waste materials such as food
waste, vegetables, fruits, and leaves. The percentage
of organic waste produced is quite similar compared
to the waste generated in the village of Desoq, Kafr
El Sheikh, Egypt, which is 50.1% (Anwar et al., 2018).
Inorganic waste in the form of plastic is the most
commonly found for about 20% of the total waste
produced by rural areas (Anwar et al., 2018; Darban
Astane and Hajilo, 2017). Organic waste is found
in all socioeconomic groups, and the proportion
will decrease as the family economy increases
(Ramachandra et al., 2018). Socioeconomic factors
such as economic activity and lifestyle influence
waste generation and composition (Nguyen et al.,
2020), rural geographic location (Taghipour et al.,
2016; Han et al., 2015b), downtown attractiveness,
and tourism (Medjahed and Brahamia, 2019;
Suma et al., 2019) influence waste generation and
composition. Furthermore, the type of industry in
rural areas also greatly influences the characteristics
of the waste (Bilgili et al., 2019; Han et al., 2018).
The waste management system implementation in
rural areas requires a different approach compared
to urban areas (Yukalang et al.,, 2018). However,
data on the generation and composition of solid
waste in rural areas are still not widely available. It
is valuable and prominent to obtain more accurate
data on waste characteristics in rural areas (Han
et al., 2018). Taghipour et al. (2016) stated that
investigating waste quantity and composition, waste
management, and disposal systems in rural areas is
still necessary. The lack of accurate information will
make the governments difficult to design solid waste
management strategies and the right technology
(Abdel-Shafy and Mansour, 2018). The Southern Zone
of Gunungkidul Regency (SZGR) is a rural area with a
coastal area developed as a tourism area and is part
of the Gunung Sewu UNESCO Global Geopark. SZGR
continues to experience a positive trend of population



and economic growth due to the development of
tourism and the improvement of accessibility. These
conditions cause an increase in waste generation
that needs to be managed properly (Masjhoer et
al., 2020; Masjhoer, 2018). Challenges and remedial
measures for solid waste management vary in
every country (Al-Dailami et al., 2022). One aspect
that needs to be considered in waste management
system planning is the precise amount and type of
waste produced (Quan et al., 2022). Empirical data
on waste generation and characteristics by residents
in SZGR is not yet available. This condition prompts
the research question, how much waste is generated,
and what is the composition of the waste produced
by SZGR? Is the generation and composition of the
waste produced by SZGR different from rural areas in
other developing countries? Several previous studies
(Abdel-Shafy and Mansour, 2018; Han et al., 2018;
Taghipour et al., 2016) have reviewed the importance
of waste generation and composition data as a basic
foundation in rural waste management planning.
The position of this research will add references
and support similar research carried out by previous
researchers. This research will enrich the data on
the generation and composition of rural waste in
developing countries. The data obtained from this
study will provide an overview of the quantity and
composition of the waste generated by residents
in rural areas of SZGR. Interested parties can use
this valuable information regarding the potential
for waste that can be used commercially or non-
commercially, processed into energy sources,
converted into fertilizers, and designed solid waste
management in rural areas. The current study aims is
to provide actual data regarding the generation and
composition of waste in rural areas in the southern
zone of Gunungkidul regency, Indonesia, in 2021.

Study area

This study is specifically located in the southern
coastal area of Gunungkidul Regency. Administratively
located in Purwosari sub-districts, Panggang sub-
district, Saptosarisub-district, Tanjungsarisub-district,
Tepus sub-district, and Girisubo sub-district (Fig. 1).
SZGR is a rural area of 530.5 square kilometer (km?),
or 36 percent (%) of the total area of Gunungkidul
Regency (Gunungkidul, 2020). The inhabitant is
182,642 people, with an average population density

of 344 people per km2. The population growth rate
continues to increase to 1.11% in 2019 (Gunungkidul,
2020). The geographical location of SZGR is in the
karst hills area of Gunung Sewu, which topography is
mostly hillsides with an average height of 299 meters
above sea level and a moderate to steep land slope
(Gunungkidul, 2020). SZGR is a barren area due to the
high porosity surface of the karst hills where surface
water flow is hard to find. Typical karst hill soils
are red Mediterranean and nutrient-poor latosols.
Nevertheless, the locals in this area mostly work as
farmers of secondary crops, rice, coconut, rubber,
and coffee. SZGR has a coastal area with white sand
beaches decorated with steep karst cliffs. The local
government has designated this area as a tourism
destination. Access to this area is getting easier with
the construction of the southern causeway which
triggers the development of commercial facilities
such as hotels, restaurants, and shops (Masjhoer et
al., 2020). This condition causes the emergence of
waste that must be managed properly.

Material

This study measures the waste generated by
residential, called household waste, and non-
residential waste called household-related waste.
The unit of measurement for waste generation uses
the provisions of the Indonesian National Standard
(INS) 19-3964-1994, namely, liter per person per day
(L/person/day) for volume and kilogram per person
per day (kg/person/day) for weight. The waste
characteristics measured in this study are limited
to physical characteristics, namely composition and
density. The composition of waste is divided into
organic and inorganic waste. Organic waste is the
residue of organic material originating from human
or natural activities and will naturally undergo a
decomposition process within a certain time. Organic
waste consists of food waste and leaves (Or), paper
(Pr), and wood (Wd). Inorganic waste is a material that
is not easily biodegraded, comes from minerals, and
can be recycled. Based on this definition, inorganic
waste consists of fiber (Fb), rubber (Rb), plastic (Pl),
metal (Mt), and glass (Gs). Other materials are common
waste found in residential and non-residential such
as batteries, masks, and electronic devices which are
considered as residue. The units used to measure the
waste composition are in weight % and the density of
the waste in kilogram per meter cubic (kg/m?3).
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Fig. 1: Geographic location of the study area and surveyed villages in the southern zone of Gunungkidul Regency, in Indonesia

Methods

Primary data collection was held in 16 randomly
selected villages, three in the Purwosari sub-district,
two in the Panggang sub-district, two in the Saptosari
sub-district, three in the Kemadang sub-district, two
in the Tepus sub-district, and four in the Girisubo
sub-district. These villages were selected from the
most populated villages in the sub-district and were
willing to be surveyed. Villages that refused due to
the Coronavirus Disease 2019 (Covid-19) outbreak
were transferred to another village. The village
distribution can be seen in Fig. 1. The Secondary
data were acquired from the Gunungkidul Regency
Central Bureau of Statistics website and the village
government. These data are the basis for determining
the number of residence and non-residential samples
using the stratified random sampling method that INS
19-3964-1994 has specified (Herianto et al., 2019;
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Alfons and Padmi, 2018). Residential is categorized
based on the family’s economic condition into
permanent, semi-permanent, and non-permanent.
Non-residential is divided into shops, restaurants,
hotels, markets, offices, and public facilities (Table 1).
A door-to-door survey was carried out from January
to March 2021 to collect data from 270 samples. This
process applied strict health procedures regarding
the Java-Bali Community Activity Restrictions (JBCAR)
policy due to the Covid-19 outbreak. Before the
survey, a surveyor team was formed and provided
with training and safety equipment such as gloves,
hand sanitizer, disinfectant liquid, and masks. Before
implementing the measurement, 40-liter garbage
bags were given to the residential and non-residential
samples. Every day for eight consecutive days, the
weight and volume of waste were measured using a
20%x20x100 centimeter (cm) measuring box equipped



Table 1: Residential and non-residential samples

Residential Samples Non-residential Samples
Permanent 77 Shops 103
Semi-Permanent 30 Restaurants 21
Non-Permanent 3 Hotels 6
Subtotal 110 Markets 8
Offices 18
Public facilities 4
Subtotal 160

Table 2: Weight, volume, and waste density in SZGR

No  Samples group Unit Weight (kg) V(i::er:)e Density (kg/m?3)

| Residential
Permanent Person/day 0.10 0.51 204.29
Semi-Permanent Person/day 0.07 0.46 153.27
Non-Permanent Person/day 0.02 0.08 218.04

Il Non-Residential
Shops (m?/day) 0.02 0.42 54.10
Restaurants (m?/day) 0.06 0.54 105.59
Hotels (Room/day) 0.01 0.25 43.70
Markets (m?/day) 0.002 0.03 90.75
Offices (m?/day) 0.0002 0.00 50.27
Public facilities (m?/day) 0.003 0.04 75.64

Il Total residential waste generation 0.19 1.05

IV Total non-residential waste generation 0.10 1.29

V  Total waste generation (Il +1V) 0.29 2.34

with a height scale. After the weighing process, the
waste is poured into the ground to sort based on
its type. Organic and inorganic waste was weighed
separately before each component of the waste
type is measured. The survey data was processed
and presented in a table using Microsoft Excel
2019 software and graphic using the Origin 2018
software. The processed data were analyzed using a
guantitative descriptive method to describe a simple
summary of the basic characteristics of the sample in
this type of research (Vahidi et al., 2017).

Waste generation

The success of developing a rural solid waste
management system is determined by the
measurement of waste generation as a prerequisite
(Taghipour et al., 2016). Based on the waste
measurements of 16 villages, the total average
waste generated by locals in SZGR every day is 0.29
kg/person, or with a population of 182,642, SZGR
produces 52.90 tons of solid waste daily (Table 2). It

is below the small-town classification according to
INS 19-3983-1995, which is 0.625-0.70 kg/person/
day. Rural waste generation in SZGR is relatively
low compared to rural areas in Romania whose
population is 500-15,000 and produces an average of
0.4 kg/person/day (Ciuta et al., 2015). It is also lower
compared to the rural areas in Iran which generate
waste ranging from 0.293 to 0.588 kg/person/day
(Darban Astane and Hajilo, 2017; Vahidi et al., 2017).
However, compared to rural areas in China, especially
in the Tibetan Plateau, which generates 0.085 kg
of waste per person per day, SZGR generates waste
up to triple daily (Han et al., 2015a), and it is 38.6%
greater compared to Southwest China’s rural areas
(Han et al., 2015b).

Fig. 2 shows that residents in each village
produce various amounts of waste. The residents
of Banjarejo produce the highest amount of waste
at 0.59 kg/day. On the other hand, Giriwungu and
Girisuko generate the smallest waste, which is 0.08
kg/person/day. Variations in the amount of waste
generated in the SZGR villages show a non-uniformity
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Fig. 2: Waste generation in sample villages

in the community’s economic conditions. The change
in people’s lifestyles is one of the causes of the
increasing waste generation. Waste generation and
composition are influenced by socioeconomic factors
such as economic activity and lifestyle (Nguyen et al.,
2020), rural geographic location (Han et al., 2015b;
Taghipour et al., 2016), and downtown attractiveness
(Medjahed and Brahamia, 2019).

Based on the sample group, the waste generation
originating from residential is 0.09 kg/day more
than a non-residential waste generation. Permanent
residential produce waste 52.63% more than semi-
permanent and non-permanent in the residential
category, which are only 36.84% and 10.53%,
respectively (Fig. 3). The data shows that households
with better economic conditions tend to produce
more waste. Han et al. (2018) stated that an increase
in family income in rural areas in developing countries
affects food consumption and other necessities of
life. This finding was proved by Nguyen et al. (2020)
who found that household economic conditions and
the number of family members correlated with the
amount of waste generated. The dominant waste
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contributors from the non-residential sample are
restaurants, shops, and hotels. They produce 93.9% of
the total waste generated by non-residential (Fig. 2).
The development of the tourism sector in SZGR also
triggers the growth of commercial trade along the
road to the tourism sites. During the Covid outbreak,
the trading activity in SZGR continues to function
despite the JBCAR implementation because they
provide the essential need of locals. This traditional
market in SZGR contributes 2.8% of the total non-
residential waste generation. The market operates
only twice a week, and the market area becomes a
divider that reduces the amount of waste generated.
Due to JBCAR implementation to suppress the
Covid-19 outbreak, offices and other public facilities
operate with a limited number of employees, which
causes waste generation to be considerably small.
Therefore, it can be clearly stated that local activities
and the type of economy in the village determined
the waste generation rate. The Mae Salong Nok
countryside has waste generation up to 3 times more
than SZGR. The tourist who comes to Mae Salong Nok
contributes to the amount of waste other than that
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Fig. 3: Waste generation based on samples group

produced by the local community (Suma et al., 2019).
Han et al. (2018) and Bilgili et al. (2019) agreed that
economic drivers or the type of industry in rural areas
affect the waste generation rate.

Waste composition and density

Understanding the composition of rural solid
waste will determine the appropriate method and
technology in each stage of solid waste management,
starting from the storage, collection, transportation,
and final processing stages. SZGR produces waste with
an average composition of 87.3% organic material
and 12.7% inorganic material. This proportion is
similar to rural areas in developing countries. Rural
areas in various developing countries such as Iran
(Darban Astane and Hajilo, 2017; Vahidi et al., 2017
Taghipour et al., 2016), Egypt (Anwar et al., 2018),
China (Han et al., 2015b), and Ghana (Boateng et al.,
2016), produce more organic waste materials such
as food waste, vegetables, fruits, and leaves than
inorganic waste types. The most inorganic waste

produced by rural areas in SZGR is plastic, with a
proportion of 10.1%, followed by glass waste (1.7%),
other materials (0.5%), and fabrics (0.4%). Plastic is
the most common inorganic waste type, with less
than 20% of the total waste produced by rural areas
(Anwar et al., 2018; Darban Astane and Hajilo, 2017;
Vahidi et al., 2017).

All sample villages generally produce waste with
a composition of more organic waste than inorganic
waste. Organic materials in the form of food waste,
leaves, and paper were found in all villages, while
inorganic materials produced by all villages were in
the form of plastic (Fig. 4). Sidoharjo became the
village with the largest organic material whereas the
most inorganic material was found in Girijati village.
The types of food waste and leaves in Pucung and
Girijati villages have a small portion compared to
other types of waste. The non-residential sample,
which is larger than the residential sample, could be
the reason. Various economic activities in an area will
affect the waste composition. According to Boateng
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Fig. 4: Waste composition based on sample villages

et al. (2016), rural residents still buy raw materials
for fresh food in large portions, thus producing the
largest amount of organic waste. Furthermore,
different types of industries in rural areas significantly
influence the characteristics of waste (Han et al,,
2018; Bilgili et al., 2019). Based on the sample
group, the residential sample produces an average
of 92.84% organic waste, while the rest is inorganic
waste. Plastic, fabric, and other materials are 6.7%,
0.39%, and 0.02%, respectively. Glass, metal, and
rubber wastes were not found in the residential
samples (Fig. 5). The non-permanent residential
produces more organic waste compared to semi-
permanent and permanent. It shows that the family’s
economic condition also encourages the diversity of
waste produced. Organic waste is discovered in all
social strata, but as the family economy increases,
the proportion of inorganic waste types increases
(Ramachandra et al., 2018). The composition of
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recycled waste originating from residential in SZGR
tends not to vary. The locals have a low level of
consumption, and they tend to cook their daily meals
using raw materials from around their yards.

The non-residential sample produced an average
of 86.33% organic waste; the rest was inorganic waste
(Fig. 6). Markets and restaurants generate the most
organic waste, while the most inorganic waste comes
from shops, hotels, offices, and public facilities. The
local markets generate organic waste such as leftover
vegetables, fruits, fish, poultry, and other easily rotten
or unsold products. Meanwhile, restaurants generally
produce raw leftovers and food scraps. Meanwhile,
paper is mostly disposed of by offices and shops,
while plastic waste is collected from shops, hotels,
and other public facilities.

On average, the solid waste density produced by
SZGRis 110.6 kg/m?3. The residential area has a higher
density value than the non-residential (Fig. 7). High
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Fig. 5: Residential waste composition

solid waste density indicates that the residential
sample produces less recyclable waste. These results
align with the variety of inorganic waste discovered
in non-residential premises. In a different case, rural
areas in Western China, for example, have low solid
waste density because they contain large amounts
of paper/cardboard and plastic or rubber (Han et al.,
2019). The solid waste density will determine the
type of transportation ideal for transporting waste.
According to the sample villages, the waste
density shows that Giricahyo has the highest average
waste density, and Giriwungu has the smallest (Fig.
8). The waste density shows differences in organic
and inorganic compositions portion in each village. A
high-density value indicates that the village produces
more waste with high moisture and low calories.
The three villages with the highest solid waste
density, namely Giricahyo (93.9%), Ngloro (92.7%),
and Banjarejo (94.2%), produced a higher portion
of organic material than inorganic (Fig. 8). However,
there is a compelling finding in Sidoharjo Village. This
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village has an organic composition of (95.3%), with
a solid waste density of 151.16 kg/m?3. Allegedly, the
inorganic waste in that village has a larger dimension,
thus reducing the waste density. The waste density
determines the appropriate treatment, especially for
organic waste, which is ideal as a raw material for
composting and biogas. According to Syafrudin et al.
(2018), waste density affects the decomposition rate
and the content of methane gas used for biogas.

The generation, composition, and density of waste
in SZGR are well known and have similarities with rural
areas in other developing countries, including applied
waste management. SZGR’s rural waste management
practices are still conventional. The residents burn
and stockpile their generated waste (Masjhoer et
al., 2022). In Brazil, rural waste is commonly burned
or buried without any safeguards (Caiado Couto et
al., 2021). In rural China, most waste is burned and
dumped on roads, rivers, and open dumps (Cao et
al., 2018). The processing of organic waste requires
additional attention compared to inorganic waste.
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The combustion of organic matter produces harmful
and toxic gases because it has a low calorific value
(Kim and Kim, 2010). Research by Lima et al. (2021)
shows that open waste burning threatens the health
of rural communities and aquatic ecosystems. The
smoke produced from burning waste contains
Particulate Matter (PM), carcinogenic dioxins, and
various other harmful pollutants such as nitrogen
oxides (NOx), sulfur dioxide (SO,), carbon monoxide
(CO), and non-methane volatile organic compounds
(NMVOCs) (Das et al., 2018). Open burning can
trigger a variety of health impacts, such as acute
and chronic respiratory disease, cardiovascular
disease, and cancer, in addition to impacts on the
local climate. Therefore, the burning of organic waste
potentially causes environmental hazards. On the
other hand, landfilling methods for waste give rise to
leachate, groundwater pollution, and toxic emissions
(Shahnazari et al., 2021). The risks that can arise from
improperly-managed landfill include groundwater
contamination caused by leachate, methane gas
emissions, and combustion fumes containing harmful
gases. Unsustainable waste management can impact
human health, such as the emergence of cholera, skin
infections, and chronic diseases caused by hazardous
chemical waste (Al-Dailami et al., 2022). In line with
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the increasing volume of waste generation, waste
management that is not environmentally friendly
can harm health and disrupt the preservation of
environmental functions. The environmental quality
needs to be improved to ensure future welfare and
quality of life. Human behavior can affect the life
and well-being of humans and other living creatures
(Abdul and Syafrudin, 2018). Waste management in
rural areas is more dependent on citizen participation
because of several characteristics, such as a relatively
large area, scattered sources of waste, and difficult
transportation (Shi et al., 2021). Waste generated
by the community should be managed at the waste
source by sorting it based on the waste composition.
Waste sorting will facilitate the handling of waste
in the next stage. Segregated waste will facilitate
handling in landfills and thermal incinerators (Quan
etal., 2022). Meanwhile, mixed organic and inorganic
waste will be difficult to use as raw materials in
composting, biogas, or recycling (Syafrudin et al.,
2018). Reducing waste at the source of waste is the
most effective strategy and solution to overcoming
the problem of waste accumulation in rural areas
(Shen et al., 2020; Mihai and Grozavu, 2019). Al-
Dailami et al. (2022) stated that the application of
Reduce Reuse and Recycle (3R) is considered the



best strategy in solid waste management. The best
and most practical method of processing organic
waste is by recycling organic waste into fertilizer
(Shahnazari et al., 2021). Organic waste will go
through decomposition by nature into nutrients.
However, uncontrolled quantities and conditions in
the decomposition process can cause environmental
problems. SZGR produces 87.3% of organic waste
that needs to be handled by a raw material-oriented
method. Chen, Zhang, and Yuan (2020) argue that
organic materials must be viewed as raw materials
and have value. Organic materials can be used as
raw materials to manufacture fertilizers through
the composting process. Composting organic waste
into fertilizer is a superior technology in rural waste
management (Patwa et al., 2020; de Morais Lima and
Paulo, 2018). This process decomposes organic waste
in a faster time and reduces volume significantly,
and reduces the amount of waste disposed of in
the landfill. The reduction in organic waste volume
results from an overhaul of microbial activity (Sayara
et al., 2022). Composting technique is a method that
can reduce the volume of organic waste by half (Ma
et al., 2017). The waste bank program promoted by
the Gunungkidul government to reduce waste at
the source (Faradina et al., 2020) needs to consider
organic waste as a potential raw material that can be
transformed into a valuable main product. Organic
fertilizers produced from the composting process
are considered more effective in reducing waste and
do not require expensive technology in processing;
thus, people can do it at the household level. Rural
organic waste is more biodegradable compared to
that of urban areas, and the practice of composting
is an alternative that households can do (Barekova et
al., 2020). The organic waste composting practice is a
form of good waste management based on reduction,
reuse, and recycling principles (Han et al., 2015a).
SZGR is a karst area with nutrient-poor soil that can
be improved by adding nutrient-rich organic fertilizer.
The farmers will also have economic benefits from
using organic fertilizers. They can produce and use
organic fertilizers to replace chemical ones. However,
efforts to apply organic fertilizers to the community in
SZGR need to be accompanied by the socialization of
the nutrient content and economic value of organic
fertilizers (Chen et al., 2020).

348

Population and economic growth in rural areas
lead to waste generation, even at a different level
from the urban. Unfortunately, local governments
in developing countries do not give more attention
to waste services in rural areas. This condition
leads rural communities to manage their waste
conventionally, such as by piling them up or burning
them in the open air. However, this conventional
waste management can trigger environmental
problems and threaten human health. The initial
data on waste generation and composition produced
by rural areas will determine the ideal method
and technology for designing the solid waste
management system. The results showed that the
generation and composition of rural waste in SZGR
were categorized into the small-town classification.
Although the generation of rural waste is not as
large as in urban areas, it still requires proper waste
management. In SZGR, the composition of organic
waste is greater than inorganic waste. Commercial
activities generate a more diverse waste composition
than residential. The calculation of waste density also
supports the domination of organic waste. The waste
characteristics produced in the Southern Zone of
Gunungkidul are not much different from most rural
areas in developing countries. The results of this study
certainly add information and serve as a comparison
for formulating rural waste management strategies
in a wider context. Based on the research result,
local governments need to consider the generation
and composition of waste as a milestone to improve
the waste management system quality. Rural waste
management needs to see organic waste as the
primary management material. Abundant organic
waste should be the primary focus to be handled and
seen as raw materials for other valuable products.
Composting organic waste will provide many benefits
for the residents who work as farmers. In addition,
this method can help extend the life of the landfill
capacity because the volume of organic waste will
be reduced by half. Composting requires the local
community’s participation in adopting composting as
a rational and profitable method. Therefore, further
research is needed to provide information on the
community’s willingness to participate in composting.
Moreover, a feasibility study of the fertilizer content



and the economic feasibility of its application may
also be required for further research.
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sent to corresponding authors. In extreme cases, notifications will be
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